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ABSTRACT 


The  antidepressant  drug  tranylcypromine  is  an  inhibitor  of  the 
enzyme  monoamine  oxidase.  This  study  has  investigated  a  number  of  neur¬ 
ochemical  properties  that  may  be  of  importance  to  the  antidepressant  and 
other  related  effects  of  this  drug. 

The  effects  of  long-term  administration  of  a  low  dose  of  tranylcy¬ 
promine  on  the  levels  of  biogenic  amines,  including  indolealkylamines , 
catecholamines,  and  trace  amines,  were  studied  in  the  rat.  In  the 
course  of  this  work,  novel  analytical  procedures  for  quantitation  of 
tranylcypromine  and  2-phenylethylamine  in  brain  tissue  were  developed. 
Following  daily  administration  of  tranylcypromine,  the  brain  levels  of 
the  trace  amines  and  dopamine  were  elevated  immediately  and  remained 
elevated  at  approximately  the  same  level  for  up  to  42  days.  In  con¬ 
trast,  5-hydroxytryptamine  and  tranylcypromine  itself  increased  steadily 
up  to  21  days,  after  which  only  minimal  increases  were  seen.  At  no  time 
during  the  42-day  dosing  period  was  there  a  trend  towards  a  return  to 
baseline  levels.  Both  forms  of  monoamine  oxidase  were  inhibited  by 
approximately  87%  after  a  single  dose;  after  42  days  of  tranylcypromine 
administration,  enzyme  inhibition  reached  95%. 

The  commercially  available  preparation  of  tranylcypromine  is  a 
racemic  mixture  of  (+)- tranylcypromine  and  (-)-tranylcypromine .  The 
different  neurocheraical  properties  of  these  optical  isomers  were  also 
investigated.  The  disposition  of  the  tranylcypromine  isomers  in  the 
brain  was  dramatically  different;  the  (-)-isomer  entered  the  brain 
faster,  attained  a  higher  level,  and  was  cleared  faster  than  the  (+)- 
isomer.  Both  in  vitro  and  in  vivo  monoamine  oxidase  inhibition  assays 
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were  performed.  The  (+)-isomer  was  20-30x  more  potent  than  the 
(-)-isomer  in  inhibiting  monoamine  oxidase,  while  (-)-tranylcypromine 
was  a  more  potent  inhibitor  of  amine  reuptake  and  stimulator  of  amine 
release  than  was  (+)-tranylcypromine .  The  results  obtained  in  the  pre¬ 
sent  study  agree  very  well  with  previous  reports  on  the  relative  mono¬ 
amine  oxidase-inhibiting  properties  of  the  tranylcypromine  isomers.  The 
inhibiting  properties  on  amine  reuptake  were  also  in  general  agreement 
with  a  previous  report,  although  the  differences  between  the  isomers 
were  less  than  those  found  by  these  other  workers  with  the  catechola¬ 
mines.  The  results  obtained  in  the  present  study  also  revealed  that  the 
tranylcypromine  isomers,  particularly  the  (-)-isomer,  are  also  relative¬ 
ly  strong  reuptake  inhibitors  and  releasers  of  5-hydroxytryptamine . 

The  effects  of  acute  administration  of  tranylcypromine  isomers  on 
the  levels  of  phenyle thy 1 amine  and  5-hydroxytryptamine  (specific  sub¬ 
strates  for  MAO-B  and  MAO-A  respectively)  in  rat  brain  generally 
reflected  the  level  of  enzyme  inhibition.  The  (+)-isomer  significantly 
elevated  both  biogenic  amines,  while  (-)- tranylcypromine  significantly 
elevated  only  5-hydroxytryptamine  concentrations.  The  elevation  of 
5-hydroxytryptamine  by  (-)-tranylcypromine  was  apparent  even  with  a 
level  of  monoamine  oxidase  inhibition  as  low  as  40-50%. 

The  results  of  these  studies  reveal  that  the  disposition  and  neuro¬ 
chemical  properties  of  the  (+)-  and  (-)-isomers  of  tranylcypromine  are 
substantially  different.  It  is  likely  that  the  effects  of  both  isomers, 
although  different,  contribute  to  the  overall  antidepressant  properties 
of  tranylcypromine . 

The  metabolism  of  tranylcypromine  has  not  been  extensively  stud¬ 
ied.  Using  gas  chromatography  and  combined  gas  chromatography-mass 


vi 


' 


■  -  Y 

' 


. 


>v 


spectrometry,  a  new  metabolite  ( para-hydroxytranylcypromine ) 


was 


detected  in  rat  brain  and  urine.  Tests  for  biological  activity  of  this 
metabolite  revealed  that  it  possessed  potency  equal  to  or  greater  than 
tranylcypromine  in  inhibiting  monoamine  oxidase,  inhibiting  the  reuptake 
of  neurotransmitters,  and  in  releasing  neurotransmitters  from  striatal 
and  hypothalamic  tissue. 

Finally,  detection  of  the  formation  of  6-hydroxytetrahydro-&-carbo- 
line  after  the  administration  of  tranylcypromine  in  combination  with 
5-hydroxytryptophan  was  achieved.  6-Hydroxytetrahydro- £ -carboline  is 
a  member  of  a  class  of  compounds  whose  pharmacological  and  neurochemical 
properties  are  diverse.  The  demonstration  of  the  _in  vivo  formation  of 
this  compound  in  the  rat  is  a  prerequisite  for  further  studies  which  may 
attempt  to  determine  the  function  of  this  class  of  compounds  in  the 
body.  These  results  also  indicate  that  the  rat  may  be  a  suitable  animal 
model  for  further  studies. 
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I.  INTRODUCTION 

I. A.  Monoamine  Oxidase:  The  Enzyme 

Monoamine  oxidase  (MAO,  EC  1.4. 3. 4)  is  the  primary  catabolic  enzyme 
involved  in  the  inactivation  of  several  biologically  active  aminergic 
neurotransmitters  or  neuromodulators.  Substrates  include  dopamine  (DA), 
norepinephrine  (NE),  epinephrine  (E),  5-hydroxy tryptamine  (5-HT),  and 
the  "trace  amines"  (2-phenylethylamine  [PEA],  m-  and  p-tyramine  [TA], 
phenylethanolamine  [PEOH],  m-  and  jD-octopamine  [OA],  tryptamine  [T],  and 
methylhistamine  [MHIS]).  Monoamine  oxidase  is  widely  distributed  in  the 
animal  kingdom,  from  lower  invertebrates  to  mammals.  In  mammals, 
including  humans,  MAO  is  present  in  most  tissues,  with  liver  containing 
the  highest  concentration  of  any  organ  in  the  body.  In  the  central  ner¬ 
vous  system  (CNS),  the  highest  concentrations  are  found  in  the  hypothal¬ 
amus,  nucleus  accumbens  and  the  locus  coeruleus,  while  cortex  and  cere¬ 
bellum  contain  lower  activity  (Owen  et  al.,  1979).  Activity  varies  by 
approximately  a  factor  of  three  among  these  brain  regions.  Monoamine 
oxidase  is  found  in  both  neurons  and  glial  cells.  It  is  thought  to  be 
primarily  associated  with  the  outer  mitochondrial  membrane;  however,  it 
is  now  accepted  that  a  substantial  amount  is  located  extraneuronally 
(Cooper  et  al. ,  1982).  The  relative  importance  of  the  extracellular 

portion  of  the  enzyme  is  not  known. 

The  general  reaction  catalysed  by  MAO  is: 

RCH2NH2  +  O2  +  H2O - >  RCHO  +  NH3  +  H2O2 

Initial  velocity  and  product  inhibition  studies  have  shown  solubilized 
preparations  of  the  enzyme  to  obey  double-displacement  (ping-pong)  kine¬ 
tics  in  which  the  enzyme  reacts  with  amine  substrate  (in  the  unionized 
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form)  to  form  the  aldehyde  product  and  a  reduced  form  of  the  enzyme. 
This  enzyme  form,  in  which  the  flavin  component  (flavin  adenine  dlnucle— 
otide,  FAD)  of  the  enzyme  is  reduced,  then  reacts  with  O2  to  regenerate 
the  free  enzyme  and  H202»  Rat  and  human  MAO  require  dietary  riboflavin 
(as  the  source  of  the  FAD  cofactor)  and  Fe.  The  function  of  Fe  in  MAO 
is  unknown,  but  liver  and  cardiac  muscle  MAO  appear  to  be  particularly 
susceptible  to  deficiencies  in  both  Fe  and  riboflavin  (Sourkes,  1979). 

Using  selective  inhibitors,  Johnston  (1968)  proposed  that  two  forms 
of  the  enzyme  exist.  He  designated  them  MAO-A  and  MAO-B.  Experimental 
evidence  supports  the  concept  that  these  forms  exist  as  two  distinct 
enzymes  embedded  in  a  phospholipid  bilayer,  i.e.  they  are  tightly  bound, 
integral  membrane  proteins  (Ekstedt  and  Oreland,  1975).  The  enzymatic 
activity  of  MAO-A  is  critically  dependent  on  membrane  phospholipids  and 
this  enzyme  is  therefore  extremely  difficult  to  solubilize;  MAO-B  acti¬ 
vity  is  not  dependent  on  membrane  phospholipids  and  this  enzyme  is  rela¬ 
tively  easier  to  prepare  in  purified  and  solubilized  form  (White  and 
Stine,  1982).  The  relative  proportions  of  these  two  enzyme  forms  vary 
widely  in  different  organs  and  species  (Squires,  1972). 

Differentiation  of  two  forms  of  the  enzyme  is  further  substantiated 
by  the  identification  of  tissues  which  contain  exclusively  one  form. 
For  example,  human  blood  platelets  contain  only  MAO-B  and  certain  cell 
lines  grown  in  culture  contain  only  MAO-A  (Murphy  et  al.,  1979).  Simi¬ 
larly,  studies  of  different  populations  of  mitochondrial  and  synapto¬ 
somal  MAO  have  suggested  that  MAO  substrate  and  inhibitor  properties 
reflect  anatomical  specialization  (Student  and  Edwards,  1977).  In  addi¬ 
tion,  the  differential  sequence  of  appearance  of  the  MAO  forms  during 
the  first  weeks  of  development  in  the  rat  have  been  interpreted  as  sug- 


-3atxs  m\*ri 


■  .  i  at 

' 

■ 


4 


gesting  separate  genetic  regulation  for  the  two  enzyme  forms. 

Some  substrates  are  not  absolutely  specific  for  either  the  A  or  B 
forms,  and  the  relative  specificity  can  be  dependent  upon  substrate  con¬ 
centration.  For  example,  PEA,  usually  considered  a  substrate  for  MAO-B, 
can  be  deaminated  by  MAO-A  once  the  concentration  of  PEA  has  reached  a 
critical  level  (Kinemuchi  et^  al. ,  1979).  At  physiological  concentra¬ 
tions,  PEA  appears  to  be  deaminated  solely  by  MAO-B.  5-HT  displays  more 
rigorous  specificity,  being  oxidized  by  the  A  form  even  at  relatively 
high  concentrations.  The  classification  of  substrates  as  either  MAO-A- 
specific  or  MAO-B-specif ic  or  mixed  is  undergoing  revision.  For  exam¬ 
ple,  NE  has  been  classified  as  an  MAO-A  substrate,  but  recent  evidence 
indicates  that  in  humans  it  is  a  mixed  substrate  (Garrick  and  Murphy, 
1982).  Conversely,  T  has  been  classified  as  a  mixed  substrate,  but  in 
recent  studies  Bieck  ^t  al.  (1984)  have  suggested  a  specificity  towards 
MAO-A.  Dopamine  and  TA  are  substrates  for  both  forms  of  the  enzyme 
(Suzuki  et  al.,  1979). 

The  importance  of  MAO  activity  in  human  disease  states  is  of  course 
associated  with  its  substrates.  The  amines  deaminated  by  MAO  have  been 
postulated  to  be  involved  etiologically  with  a  wide  variety  of  condi¬ 
tions  such  as  migraine,  alcoholism,  Lesch-Nyhan  syndrome,  and  mental 
disorders.  The  most  widely  studied  area  in  this  regard  is  psychiatric 
diseases,  particularly  schizophrenia  and  the  affective  disorders. 
Although  many  parameters  other  than  MAO  activity  may  affect  amine  levels 
in  vivo ,  variations  in  MAO  activity  may  influence  neurotransmitter  lev¬ 
els  and  therefore  may  be  involved  in  the  etiology  of  some  psychopathol¬ 
ogies  and  in  their  alleviation  by  drugs. 

The  status  of  monoaminergic  systems  in  humans  has  been  assessed 
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principally  by  (1)  measurement  of  amine  and  amine  metabolite  levels  in 
blood,  urine  and  CSF,  (2)  analysis  of  postmortem  tissue,  and  (3)  mea¬ 
surement  of  platelet  MAO  activity.  Platelets  constitute  a  readily 
available  tissue  source  for  the  direct  measurement  of  MAO  activity  in 
humans.  These  cells  also  contain  amine  storage  vesicles  and  transport 
(uptake)  systems  very  similar  to  those  found  in  neurons.  The  main  draw¬ 
back  is  that  platelets  contain  only  MAO-B.  Platelet  MAO  activity  dif¬ 
ferences  range  over  10-fold  in  normal  individuals  (Robinson  and  Nies, 

1980) ,  and  a  great  many  factors  may  influence  this  activity.  Assay  pro¬ 
cedures,  stress  and  anxiety,  exercise,  sex,  and  possibly  age  all  affect 
MAO  activity  (Fowler  e_t  al. ,  1982a;  Demisch  e_t  al. ,  1983).  Also,  sev¬ 
eral  of  the  amines  implicated  in  psychiatric  disorders  are  primarily 
(DA,  NE)  or  exclusively  (5-HT)  metabolized  by  MAO-A.  The  relationship 
between  MAO-A  and  MAO-B  and  between  platelet  MAO  activity  and  CNS  MAO 
activity  has  not  been  thoroughly  investigated.  For  these  reasons  Fowler 
et  al.  (1982a)  have  suggested  that  platelet  MAO  measurements  may  be  of 
limited  value  for  assessing  brain  monoaminergic  systems,  and  that  con¬ 
clusions  based  on  their  measurement  should  be  regarded  with  caution. 

The  major  underlying  premise  of  altered  MAO  activity  as  a  factor  in 
the  etiology  of  psychiatric  disorders  is  that  changes  in  enzyme  activity 
do  indeed  affect  amine  levels  in  the  CNS.  MAO  is  present  in  great 
excess,  so  that  to  induce  elevations  in  amine  levels,  most  of  the  enzyme 
must  be  inhibited  before  the  therapeutic  benefit  of  phenelzine  treat¬ 
ment,  for  example,  becomes  apparent  (Robinson  et  al . ,  1978;  Raft  et  al. , 

1981) . 

To  summarize,  MAO  is  the  major  monoamine-degrading  enzyme  which  is 
present  in  most  tissues  of  all  mammals  and  a  wide  variety  of  lower  ani— 
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mals ■  It  is  present  in  two  distinct  forms,  both  of  which  are  membrane 
bound,  albeit  to  different  degrees.  The  substrates  for  MAO  have  long 
been  implicated  in  the  etiology  of  affective  disorders  and  therefore  the 
endogenous  activity  of  this  enzyme  and  its  activity  after  antidepressant 
therapies  may  be  of  paramount  importance  in  understanding  the  endogenous 
biological  parameters  associated  with  these  diseases  and  the  mode  of  ac¬ 
tion  of  the  drugs  that  alleviate  the  symptoms  of  the  disease. 

I . B .  Pharmacology  of  Monoamine  Oxidase  Inhibitors 

Various  compounds,  particularly  arylalkylamines ,  are  capable  of 
inhibiting  MAO.  However,  few  of  these  compounds  are  actually  potent 
enough  to  warrant  pharmacological  interest.  The  two  major  classifica¬ 
tions  of  these  drugs  are  the  reversible  and  the  irreversible  MAO  inhibi¬ 
tors  (MAOIs),  with  the  latter  group  being  considerably  more  potent  and 
in  clinical  use.  A  list  of  MAOIs  and  their  classification  is  displayed 
in  Table  I. 

Although  the  reversible  MAOIs  are  not  available  on  a  commercial 
basis  at  the  present  time,  interest  in  them  is  growing,  and  the  use  of 
this  subclass  of  MAOIs,  combined  with  the  property  of  increased  specifi¬ 
city  (inhibition  of  MAO-A  vs.  MAO-B),  may  show  considerable  promise  as 
effective  and  safe  antidepressant  drugs  in  the  future  (Ogren  et^  al.  , 
1981;  Bieck,  P.,  personal  communication).  Ogren  et^  al .  (1981)  state: 
"In  our  search  for  new  and  possibly  clinically  useful  MAO  inhibitors,  we 
formulated  the  following  criteria:  (1)  it  should  preferentially  inhibit 
the  A  form  of  MAO,  (2)  it  should  be  a  reversible  inhibitor  to  reduce  the 
risk  of  overdosage  and  to  avoid  diminished  selectivity  following  chronic 
treatment,  (3)  it  should  be  a  potent  MAO  inhibitor  in  the  brain  when 
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Table  I.  A  list 
antidepressants,  as 


of  various  monoamine  oxidase 
research  drugs,  or  both. 


inhibitors  used  as 


Nonspecific 


MAO-A  Specific  MAO-B  Specific 


w  Tranylcypromine 
^  Phenelzine 
£  Nialamide 
Iproniazid 
^  Pheniprazine 
g;  Isocarboxazid 
t“l  Isoniazid 


Clorgyline 


Pargyline3 

Deprenyl 


u 

^  Amphetamine 

t— i 

co 

OS 

w 

> 

w 

OS 


Harmaline  MD  780236b 

Harmine 

CGP-1 1305Ab 

FLA  336b 

Cimoxatoneb 


aUsed  primarily  as  antihypertensive 
bSee  Figure  1  for  chemical  structures 
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given  orally  and  exhibit  a  wide  separation  between  MAO-inhibition  and 
side  effects,  and  (4)  it  should  only  weakly  interact  with  tyramine." 
Several  of  the  new  reversible  MAOIs  that  are  being  investigated  for 
potential  clinical  use  are  shown  in  Figure  1. 

The  irreversible  inhibitors  are  divided  into  three  classes:  the 
hydrazine  type  inhibitors,  the  propargylines ,  and  the  cyclopropyla- 
mines.  The  requirement  of  an  aromatic  moiety  and  a  nitrogen  atom  sug¬ 
gests  that  in  order  to  bind  to  the  active  site  of  the  enzyme  the  inhibi¬ 
tor  must  bear  some  resemblance  to  the  substrate.  The  best  substrates 
for  MAO  contain  a  phenyl  or  indole  moiety  separated  by  one  or  two  carbon 
atoms  from  the  amine  nitrogen.  The  initial  enzyme-inhibitor  interaction 
is  relatively  weak  and  reversible,  but  if  other  features  are  present  the 
binding  can  become  irreversible.  These  compounds  are  known  as  suicide 
inhibitors . 

With  the  hydrazines,  of  which  phenelzine  (PLZ)  is  an  example,  the 
enzyme  catalyzes  the  oxidation  to  produce  phenylalkyldiazenes ,  which 
interact  with  the  flavin  cofactor  of  MAO  to  cause  a  potent  irreversible 
inhibition  (Patek  and  Hellerman,  1974).  Kenney  et  al.  (1979)  concluded 
that  in  addition  to  the  irreversible  binding  of  arylalkyhydrazines  to 
the  flavin,  part  of  the  reactive  phenylalkyldiazene  reacts  with  a  thiol 
residue  near  the  active  site,  as  is  the  case  with  the  arylalkylamine  TCP 
(see  below).  Although  widely  used,  the  hydrazines  suffer  from  rela¬ 
tively  poor  penetration  into  the  CNS  and  consequently  a  high  incidence 
of  peripheral  side  effects.  The  hydrazine  MAOIs  are  not  specific  for 
MAO-A  or  MAO-B. 

The  propargylamines ,  on  the  other  hand,  show  remarkable  specifi¬ 
city.  This  group  includes  the  MAO-A  specific  inhibitor  clorgyline,  and 
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CGP  11305A 

Reversible ,MAO-A 
selective 


CIMOXATONE 

Revesible;  MAO-A 
selective 


FLA  336 


Reversible;  MAO-A 
selective 


MD  780236 

Reversible ; 

MAO- B  selective 


Figure  1. 


Structures  of  some  novel  monoamine  oxidase  inhibitors 
under  investigation  for  potential  clinical  use. 
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the  MAO-B  specific  inhibitors  deprenyl  and  pargyline,  the  former  being 
the  more  specific.  The  propargyline  MAOIs  are  acetylenic  compounds, 
which,  after  initial  reversible  binding  to  the  substrate  site,  cause  a 
reduction  in  the  flavin  cofactor  of  MAO,  which  in  turn  results  in  the 
drug  becoming  covalently  bound  via  a  flavocyanine  adduct  (Hellerman  and 
Erwin,  1968).  The  specificity  may  be  the  result  of  both  the  differen¬ 
tial  molecular  dimensions  and  the  lipophilicity  of  the  inhibitors 
(Maxwell  and  White,  1978).  The  distance  between  the  nitrogen  atom  and 
the  aromatic  ring  is  greater  in  the  extended  conformation  of  clorgyline 
than  in  deprenyl  or  pargyline.  The  corresponding  distances  in  the  MAO-A 
substrates  5-HT  and  T  are  also  longer  than  in  the  phenylethylamine  sub¬ 
strates.  In  addition,  the  chlorine  substitution  on  the  clorgyline  mole¬ 
cule  enhances  lipophilicity.  This  is  consistent  with  the  observation 
that  MAO-A  is  critically  dependent  upon  the  associated  phospholipids  of 
the  membrane  complex,  while  the  MAO-B  form  is  not  (White  and  Stine, 
1982). 

Fowler  et^  al.  (1982b)  have  examined  the  kinetics  of  MAO  inhibition 
in  some  detail.  Their  results  have  indicated  that  the  major  factors 
influencing  selectivity  for  clorgyline  and  deprenyl  are  different.  The 
dissociation  constant  (Ki)  value  for  the  reversible  interaction  between 
clorgyline  and  MAO-A  is  about  1000  times  lower  than  that  towards  MAO-B , 
and  this  difference  is  sufficient  to  account  for  most,  but  not  all,  of 
the  selectivity  of  this  compound.  The  Ki  value  of  MAO— B  towards 
deprenyl  is  only  40-fold  lower  than  that  towards  the  A  form  of  the 
enzyme.  However,  in  this  case,  the  rate  of  formation  of  the  irreversi¬ 
ble  adduct  is  considerably  faster  for  the  B  form  than  the  A  form  and  in 
the  case  of  deprenyl,  makes  a  major  contribution  to  the  selectivity  of 
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the  inhibitor.  Thus  the  selectivity  of  these  compounds  is  not  associ¬ 
ated  with  different  modes  of  irreversible  binding  to  the  FAD,  but  rather 
to  different  recognition  sites  near  the  active  site.  This  would  account 
for  the  kinetic  differences  observed  in  the  formation  of  the  adduct. 

The  third  class  of  irreversible  inhibitors  are  the  arylcyclopropyl- 
amines,  which  include  tranylcypromine  (TCP),  the  subject  of  the  present 
study.  These  are  among  the  most  potent  MAOIs.  As  with  the  acetylenic 
(propargyl)  inhibitors,  the  initial  loss  of  enzyme  activity  is  reversi¬ 
ble  and  competitive  with  substrate;  this  is  followed  by  gradual  irrever¬ 
sible  inactivation  (Paech  et  al.,  1979).  Paech  et  al.  (1980)  have  stud¬ 
ied  the  reaction  of  TCP  with  MAO  in  considerable  detail.  They  have  con¬ 
cluded  that  TCP  is  oxidized  by  flavin  to  reactive  nucleophilic  species, 
which  are  either  a  ketone,  an  imine ,  or  both.  These  reactive  species 
then  combine  with  a  sulfhydryl  group  on  a  cysteine  residue  located  on 
the  substrate  binding  site  to  form  a  thioaminoketal  or  a  thiohemiketal 
(Figure  2).  These  covalently  bonded  species  are  stabilized  by  noncova- 
lent  interactions  between  the  enzyme  and  the  phenyl  group  of  TCP.  The 
proposed  structure  of  the  suicide-inactivated  enzyme  is  very  similar  to 
that  advanced  for  the  inactivation  mechanism  of  cyclopropanone  hydrate 
by  the  NAD-dependent  enzyme  aldehyde  dehydrogenase  (Singer  et^  al . . 
1981). 

The  fact  that  the  flavin  is  not  the  component  alkylated  was  con¬ 
cluded  primarily  from  two  lines  of  evidence.  First,  on  proteolysis  of 
the  alkylated  ( radiolabelled)  enzyme  at  neutral  pH  and  under  anaerobio- 
sis  (conditions  under  which  N-alkylated  adducts  are  not  likely  to  break) 
a  flavin  peptide  containing  no  radioactivity  was  obtained.  Second,  upon 
gradual  denaturation  of  the  inactivated  enzyme,  reoxidation  of  the  fla- 
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Figure  2. 


Possible  structures  of  the  adduct  of  oxidized  tranyl¬ 
cypromine  and  a  cysteine  residue  of  monoamine  oxi¬ 
dase.  A.  Thioaminoketal .  B.  Thiohemiketal .  (From 
Paech  et  al.,  1980). 
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vln  was  far  faster  than  release  of  the  radioactive  inhibitor  (Paech  et 
al »  >  1979).  Thus  the  mechanism  outlined  above  was  proposed  as  the  most 
likely  explanation. 

I.C.  Research  Strategy:  Tranylcypromine  as  a  Model  Monoamine  Oxidase 

Inhibitor 


1 .  Efficacy  and  Clinical  Use 

Tranylcypromine  (Parnate®)  and  phenelzine  (Nardil®)  together  con¬ 
stitute  the  two  most  widely  used  MAOIs  at  the  present  time.  Between 
1959  and  1964,  TCP  was  a  popular  and  widely  used  antidepressant  drug. 

In  1964,  the  U.S.  Food  and  Drug  Administration  ordered  its  removal 
from  the  market  for  a  few  months  after  reports,  mostly  in  British  jour¬ 
nals,  of  severe  hypertensive  reactions  in  some  patients.  Its  use  in  the 
U.S.  was  reinstated  under  strict  guidelines.  Although  the  use  of  TCP, 
and  MAOIs  in  general,  is  not  as  extensive  as  that  of  other  types  of 
antidepressant  drugs,  interest  in  them  is  increasing  again.  This  revi¬ 
val  is  the  result  of  the  realization  that  their  deleterious  side  effects 
may  have  been  overestimated  and  that  they  may  be  the  most  efficacious 
drugs  in  certain  types  of  depression,  particularly  depressions  associ¬ 
ated  with  anxiety,  agitation,  and  phobias  (Lesse,  1978;  Sheehan  jBt  al. , 
1980;  Tyrer,  1976)  and  anergia  (Himmelhoch  et  al.,  1982). 

The  efficacy  of  TCP  as  an  antidepressant  has  been  extensively  docu¬ 
mented  (see  Quitkin  et  al.,  1979  for  review).  Lesse  (1978)  reported  on 
clinical  trials  with  TCP  in  1000  patients,  most  with  severe  agitated 
depressions.  He  concluded  that  TCP  was  a  safe  and  highly  effective 
antidepressant  with  a  rapid  onset  of  action.  It  may  be  the  drug  of 
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choice,  particularly  in  those  cases  which  are  dominated  by  suicidal 
ideation  where  a  rapid  therapeutic  effect  is  imperative.  Curiously, 
Lesse  found  that  the  antidepressant  effect  was  substantially  potentiated 
by  combining  TCP  with  a  neuroleptic  such  as  trifluperazine  (Stela- 
zine®) .  No  explanation  was  given  for  the  synergistic  effect.  In  this 
regard,  it  is  noteworthy  that  at  least  one  neuroleptic,  chlorpromazine , 
produces  a  down-regulation  of  a -adrenoceptor-stimulated  cAMP,  a  property 
which  has  been  hypothesized  as  a  mode  of  action  of  antidepressants 
(Sugrue,  1983).  In  addition,  Yasensky  et  al.  (1982)  found  that  pheno- 
thiazines  blocked  ring  hydroxylation  of  PEA,  an  amine  closely  related  to 
TCP  structurally.  It  is  conceivable  that  trifluoperazine  could  be 
acting  on  TCP  in  a  similar  manner,  resulting  in  increased  brain  levels 
of  TCP. 

As  with  most  other  MAOIs,  side  effects  do  occur  with  TCP.  Ortho¬ 
static  hypotension  is  the  major  deleterious  side  effect  most  often 
encountered.  Alopecia,  weight  gain,  and  hypertensive  crisis  are 
reported  less  frequently.  The  incidence  of  hypertensive  crisis, 
although  potentially  serious,  has  been  overestimated.  The  cause  is 
attributed  to  the  ingestion  of  tyramine-containing  foods  (e.g.  certain 
cheeses,  wines,  beer)  during  treatment  with  MAOIs.  Tyramine,  which  is 
normally  metabolized  via  MAO  in  the  intestine  and  liver,  is  elevated  to 
levels  which  cause  it  to  displace  NE  from  storage  vesicles,  thus  result¬ 
ing  in  hypertension.  Lesse  et  al .  (1978)  reported  an  incidence  of  0.3% 
in  their  study  of  1000  patients  and  Himmelhoch  jrt  al.  (1982)  reported  no 
incidence  of  hypertensive  crisis  in  their  study  of  59  patients. 

Tranylcypromine  and  all  other  MAOIs  are  also  potent  suppressors  of 
REM  sleep.  The  physiological  consequences  of  this  have  not  been  ade- 
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quately  assessed,  although  REM  suppression  is  a  phenomenon  common  to 
tricyclic  antidepressants  (TCAs)  and  has  been  proposed  as  the  mechanism 
of  action  of  antidepressant  drugs  (Vogel,  1983). 

In  order  to  be  effective  antidepressants,  MAOIs  must  be  given  in 
sufficient  dosage  to  produce  a  critical  level  of  MAO  inhibition. 
Robinson  et^  al.  (1978)  studied  the  relationship  between  platelet  MAO 
inhibition  with  phenelzine  and  clinical  improvement.  The  results  of 
this  study  are  shown  in  Table  II.  These  data  indicate  that  the  higher 
the  level  of  MAO  inhibition,  the  greater  the  likelihood  of  improvement. 
Minimum  required  levels  of  MAO  inhibition  are  now  widely  accepted  as 
being  in  the  range  of  80-90%  (based  on  platelet  MAO-B  activity). 

In  a  clinical  trial  of  the  MAO-B-specif ic  inhibitor  deprenyl, 
Mendlewicz  and  Youdim  (1983)  found  that  inhibition  of  platelet  MAO  by 
90%  was  required  for  effective  therapy.  Patients  with  less  than  90% 
inhibition  did  not  respond. 

Quitkin  et_  al .  (1979)  suggested  that  the  usual  effective  dose  of 
TCP  was  40  to  60  mg/day.  They  also  suggested  that  several  clinical  tri¬ 
als  comparing  TCP  with  tricyclic  antidepressants  used  inadequate  dosages 
of  MAOIs  (Quitkin  jrt  al. ,  1979).  However,  Simpson  et  al.  (1983)  found 
that  a  single  10  mg  dose  of  TCP  caused  almost  80%  inhibition  of  platelet 
enzyme  in  humans,  indicating  that  substantially  less  drug  than  that  sug¬ 
gested  by  Quitkin  et_  al.  (1979)  may  be  effective.  No  studies  have  exa¬ 
mined  platelet  MAO  activity  versus  clinical  improvement  with  TCP. 

In  summary,  TCP  has  been  shown  to  be  a  safe,  fast-acting,  and 
effective  antidepressant.  It  appears  to  be  most  efficacious  in  patients 
with  anergia,  anxiety,  and  agitation.  Tranylcypromine  may  be  contra¬ 
indicated  in  patients  with  inherently  low  blood  pressure.  The 
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Table  II,  Comparison  of  platelet  monoamine  oxidase  activity  with  the 


percentage  of  depressed  patients  responding  to 
(from  Robinson  et  al.,  1978). 

phenelzine  treatment 

%  Inhibition  of  Platelet 

MAO  Activity 

%  Responders 

<  80 

44 

80 

68 

90 

79 

incidence  of  hypertensive  crisis  resulting  from  TCP  administration  is 
apparently  low  and  may  be  totally  obviated  by  restricting  a  selected  few 
foods  from  the  diet. 
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2.  Acute  Effects  of  Tranylcypromine  on  Aminergic  Neurotransmitter 

Systems 

Tranylcypromine  is  a  nonselective  MAOI  and  therefore  increases  lev¬ 
els  of  monoamines  regardless  of  their  specificity  for  MAO-A  or  MAO-B. 
Elevated  levels  of  amines  are  apparent  throughout  the  body  within  an 
hour  after  administration,  i.e.  TCP  acts  centrally  and  peripherally. 
Levels  of  5-HT  are  increased  on  a  proportionately  greater  basis  than 
those  of  the  catecholamines,  and  the  trace  amines  are  increased  to  a 
much  greater  extent  above  their  baseline  values  than  are  the  catechol¬ 
amines  or  5-HT  (McKim  ejt  al . ,  1980;  Philips  and  Boulton,  1979).  The 
dramatic  increases  in  the  trace  amines  are  a  consequence  of  their  high 
turnover  rates. 

In  addition  to  its  MAO-inhibiting  properties,  TCP  also  inhibits  the 
reuptake  of  catecholamines  (Escobar  et  al . ,  1974)  and  causes  release  of 
NE  (Schildkraut ,  1970),  DA  and  5-HT  (Baker  jet  al. ,  1980).  These 
effects,  particularly  the  releasing  properties,  may  contribute  to  the 
stimulating  effects  seen  at  higher  doses.  The  property  of  inhibiting 
the  reuptake  of  neurotransmitters  is  characteristic  of  most  of  the  clas¬ 
sic  TCAs.  All  these  properties  combined  probably  contribute  to  the 
clinical  efficacy  of  TCP. 

After  the  initial  increases  in  the  amine  levels  occur,  secondary 
short-term  adaptations  take  place,  at  least  in  the  case  of  the  catechol¬ 
amines.  These  include  a  reduction  in  amine  synthesis  via  a  feedback 
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mechanism  on  the  rate-limiting  synthetic  enzyme,  tyrosine  hydroxylase  in 
some  brain  areas  (see  Section  I.C.3).  This  enzyme  controls  the  synthe¬ 
sis  of  both  DA  and  NE.  A  feedback  mechanism  on  tryptophan  hydroxylase, 
the  synthetic  enzyme  for  5-HT,  has  not  been  conclusively  demonstrated. 

As  neuronal  amines  concentrations  increase,  other  amines 
e.g.  trace  amines)  accumulating  in  the  cytoplasm  begin  to  enter 
storage  vesicles,  where  it  has  been  postulated  they  remain  to  be 
released  as  cotransmitters  or  false  transmitters  or  from  which  they  may 
displace  endogenous  amines  (Murphy,  1972).  These  changes  in  vesicular 
amines  available  for  release  are  incompletely  understood,  but  the 
altered  proportions  of  different  amines  (e.g.  trace  amines  vs.  DA,  NE, 
or  5-HT)  may  influence  the  postsynaptic  response. 

In  addition  to  these  changes  in  the  balance  of  amines  within  neur¬ 
ons,  other  delayed  responses  occur  within  a  period  of  hours.  Slowing  of 
neuronal  firing  rate  has  been  demonstrated  in  both  5-HT-containing  neur¬ 
ons  in  the  median  raphe  (Aghajanian,  1972)  and  in  NE-containing  cells  in 
the  locus  coeruleus  (Campbell  et^  al . ,  1979).  Both  effects  are  thought 
to  represent  a  direct  consequence  of  increased  amine  accumulations. 
With  longer  term  administration  of  MAOIs,  other  postsynaptic  changes 
occur  (see  Section  I.C.3)  which  appear  to  be  additional  dampening 
responses  to  the  increased  neuronal  activity  initially  produced  by  MAO 
inhibition. 

As  stated  above,  the  trace  amines  respond  dramatically  to  MAO  inhi¬ 
bition.  These  amines  have  been  coined  neuromodulators  (Boulton,  1976) 
since  it  has  been  demonstrated  that  they  can  potentiate  the  postsynaptic 
actions  of  iontophoretically  applied  NE  and  DA  (Jones  and  Boulton, 
1980a)  and  5-HT  (Jones  and  Boulton,  1980b).  However,  pharmacological 
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evidence  (Dewhurst,  1968)  and  _in  vitro  binding  studies  (Hauger,  1982; 
Cascio  and  Keller,  1983)  indicate  that  there  may  be  specific  receptors 
for  PEA  and  tryptamine,  and  a  transmitter  role  for  these  substances  can¬ 
not  be  ruled  out. 

The  possible  association  of  the  trace  amines  and  affective  disor¬ 
ders  as  first  proposed  by  Dewhurst  (1968)  is  supported  not  only  by  their 
dramatic  response  to  TCP  and  other  MAOIs,  but  also  by  reports  of  altered 
levels  during  depressed  states  (Sabelli  et  al.,  1983)  and  stressful  per¬ 
iods  (Paulos  and  Tessel,  1982). 

In  addition,  the  trace  amines  may  be  valuable  in  determining  the 
extent  of  MAO  inhibition  during  treatment  with  MAOIs.  Bieck  and  Antonin 
(1982)  studied  urinary  excretion  of  T  in  humans  after  administration  of 
TCP.  They  found  T  excretion  increased  7-fold  during  a  25  mg/day  regi¬ 
men.  Tryptamine  values  returned  to  control  levels  4  days  after  cessa¬ 
tion  of  TCP.  The  possibility  of  using  urinary  T  excretion  as  a  conven¬ 
ient  method  for  analysis  of  drug  efficacy  and  compliance  was  discussed. 
Tryptamine  is  of  interest  not  only  because  of  its  own  properties,  but 
also  because  of  the  potential  for  its  conversion  to  the  psychotomimetic 
substance  dimethyltryptamine  via  indoleamine-N-methyltransf erase  (Wyatt 
et  al.  1973).  Whether  or  not  this  reaction  is  of  any  significance  under 
normal  conditions  or  during  MAOI  administration  is  equivocal. 

3.  Long-Term  Effects  of  Tranylcypromine  on  Neurotransmitter  Systems 

After  acute  administration  of  TCP,  monoamine  levels  rise  immedi¬ 
ately.  What  happens  after  continuous  daily  administration  as  in  a  ther¬ 
apeutic  situation?  Pre-  and  post-synaptic  changes  may  both  occur.  Par¬ 
ticularly  relevant  are  the  dynamics  of  neurotransmitter  systems  after 
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10-20  days  of  administration,  which  is  generally  accepted  as  the  time 
required  for  mood  elevation  to  become  apparent  in  depressed  patients 
treated  with  a  variety  of  antidepressant  treatments. 
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Robinson  et  al .  (1979)  studied  the  effects  of  chronic  administra¬ 
tion  of  PLZ  and  TCP  on  rat  brain  monoamine  levels.  They  reported  peak 
increases  in  NE,  DA,  and  5-HT  between  3  and  7  days  after  the  beginning 
of  treatment  followed  by  a  gradual  decline  to  baseline  levels  after  14 
days  of  treatment.  Using  7.5  mg/kg  or  15  mg/kg  of  phenelzine,  or  5 
mg/kg  TCP,  5-HT  levels  were  maximum  at  7  days,  with  increases  ranging 
from  3-fold  with  the  lower  dose  of  PLZ  to  8  to  10-fold  with  TCP  and  the 
high  dose  of  PLZ.  The  changes  in  brain  catecholamine  levels  were  less 
pronounced.  Tranylcypromine  produced  the  largest  and  most  sustained 
increase  in  NE.  If  one  assumes  that  the  rat  is  a  reasonable  animal 
model,  all  doses  used  in  this  study  would  be  considered  large  (on  a 
mg/kg  basis)  relative  to  doses  used  clinically.  It  appears  from  this 
study  that  maximum  neurochemical  changes  most  likely  precede  the  onset 
of  detectable  therapeutic  benefit  of  MAOIs.  Tranylcypromine  did  not 
affect  tyrosine  hydroxylase  or  tryptophan  hydroxylase  activity. 

Two  other  studies  have  examined  long  term  effects  of  selective 
MAOIs  on  monoamines.  Campbell  et_  al.  (1979)  reported  consistent  eleva¬ 
tions  of  NE  in  rat  brain  during  clorgyline  administration  while  5-HT 
levels  returned  to  baseline  levels,  similar  to  the  effect  Robinson  et 
al.  (1979)  reported  for  PLZ  and  TCP.  There  were  no  significant  changes 
in  levels  of  5-hydroxyindoleacetic  acid  (5-HIAA),  the  major  metabolite 
of  5-HT  in  the  CNS ,  at  any  time  interval.  Dopamine  was  elevated  slight¬ 
ly  on  day  14,  but  returned  to  control  levels  after  21  days  of  a  1  mg/kg/ 


day  regimen  of  clorgyline. 

Waldmeier  et  al.  (1981)  also  examined  chronic  clorgyline  treatment 
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in  rats  and  found  somewhat  different  results.  Brain  NE  and  5-HT  levels 
were  increased  markedly  and  simultaneously  with  a  concomitant  small 
(nonsignificant)  decrease  in  synthesis.  In  contrast  to  Campbell  et  al. 
(1979),  these  workers  found  that  NE  and  5-HT  levels  remained  elevated 
throughout  the  21-day  regimen,  and  significant  decreases  were  seen  in 
5-HIAA.  Dopamine  levels  increased  in  the  cortex  and  to  a  lesser  extent 
in  the  striatum.  Large  decreases  were  seen  in  tyrosine  hydroxylase 
activity  in  the  striatum,  which  explains  why  only  moderate  increases  in 
DA  were  observed.  In  the  cortex,  where  DA  attained  higher  levels,  there 
was  a  much  smaller  decrease  in  tyrosine  hydroxylase  activity,  suggesting 
that  feedback  inhibition  on  DA  synthesis  is  less  prominent  in  the  cortex 
compared  to  the  striatum.  Recent  evidence  indicates  that  mesocortical 
DA  systems  lack  cell  body  and  nerve  terminal  DA  autoreceptors  which  are 
present  in  nigrostriatal  and  mesolimbic  DA  systems  (Bannon  et  al.,  1981; 
Bowers  and  Salomonsson,  1982).  The  relationship  between  DA  autorecep¬ 
tors  and  tyrosine  hydroxylase  activity  is  not  known. 

Postsynaptic  receptor  dynamics  have  also  been  assessed  after  chron¬ 
ic  MAOI  treatment.  Savage  et  al.  (1980)  demonstrated  that  chronic  (4-16 
days),  but  not  acute,  doses  of  TCP,  clorgyline,  and  nialamide  signifi¬ 
cantly  reduced  binding  of  ^H-5-HT  in  rat  brain.  Scat chard  analysis 
showed  a  decrease  in  Bmax  while  no  change  was  observed  in  the  1^.  Nei¬ 
ther  deprenyl  nor  pargyline  affected  binding  of  ^H-5-HT.  Surprisingly, 
a  variety  of  5-HT  reuptake  inhibitors,  including  chlorimipramine ,  fluox¬ 
etine,  and  amitriptyline  had  no  effect  on  5-HT  binding.  Levels  of  5— HT 
were  elevated  throughout  the  dosing  period  with  the  MAOIs,  while  only  a 
transient  increase  in  5— HT  levels  was  observed  with  fluoxetine  and 
chlorimipramine.  This  study  suggests  that  a  sustained  increase  in  5-HT 
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is  requisite  for  a  decrease  in  5-HT  binding. 

Chronic  regimens  of  most,  if  not  all,  antidepressant  treatments 
decrease  B  -adrenoceptor-stimulated  cAMP  (Sulser  et_  al . ,  1978;  Sugrue , 
1983).  Cohen  et  al .  (1982)  have  studied  the  ol -adrenergic  system  in  rat 
after  chronic  clorgyline  treatment.  They  found  that  there  is  a  KCl-sti- 
mulated  increase  in  NE  release  from  rat  brain  microsacs  which  preceded 
decreases  in  both  a  -  and  B-adrenoceptors .  Noradrenergic  feedback  con¬ 
trol,  based  in  part  on  autoreceptors,  is  thought  to  be  responsible  for 
the  modulation  of  NE  release,  both  the  amount  of  NE  released  per  im¬ 
pulse,  and  the  readiness  for  neuronal  discharge  (Langer,  1977).  Cohen 
et  al.  (1982)  state,  "We  have  proposed  that  an  overly  stringent  feedback 
system  could  impair  the  capacity  of  the  catecholamine  pathways  to  convey 
information  adequately  during  depression  (Cohen  et^  al. ,  1980);  the  pre¬ 
sent  data  support  the  role  in  potentially  resetting  this  mechanism." 
This  "resetting"  would  manifest  itself  as  a  subsensitization  of  a -adren¬ 
ergic  (and  possibly  B-adrenergic)  autoreceptor  populations. 

In  summary,  it  is  apparent  that  monoamine  neurotransmitter  systems 
are  in  a  state  of  flux  during  antidepressant  treatments.  It  is  still 
equivocal  as  to  whether  the  initial  increase  in  amines  is  maintained 
after  chronic  treatment.  Of  critical  importance  are  the  facts  that  (1) 
these  pre-  and  postsynaptic  receptor  changes  are  not  apparent  after 
acute  treatment;  longer  term  administration  is  required,  and  (2)  a  wide 
variety  of  antidepressant  treatments,  including  the  so-called  first  and 
second  generation  antidepressant  drugs  and  electroconvulsive  therapy , 
have  been  demonstrated  to  induce  these  changes  in  B -adrenoceptors .  More 
extensive  testing  is  required  of  additional  drugs  and  other  systems. 
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4 .  Differential  Effects  of  Tranylcypromine  Isomers 

The  clinically  used  preparation  of  TCP,  called  Parnate®,  is  a  race¬ 
mic  mixture  of  1R, 2S-(-)-trans-phenylcyclopropylamine  and  lS,2R-(+)~ 
trans-phenylcyclopropylamine  (Riley  and  Brier,  1972).  Horn  and  Snyder 
(1972)  first  examined  the  effects  of  (+)-  and  (-)-isomers  on  inhibition 
of  reuptake  of  NE  and  DA  into  synaptosomes ;  they  reported  that  the  (-)- 
isomer  was  3  times  more  potent  than  the  (+)-enant iomer  in  inhibiting  NE 
reuptake  in  the  hypothalamus  and  4  times  more  potent  in  inhibiting  DA 
reuptake  into  striatal  synaptosomes.  It  had  previously  been  shown  that 
the  (+)-enantiomer  was  a  more  potent  Inhibitor  of  MAO,  based  on  its 
greater  ability  to  potentiate  tryptamine  convulsions  _in  vivo  (Zirkle  et 
al . ,  1962).  The  greater  MAO-inhibiting  potency  of  the  (+)-enantiomer 
was  subsequently  verified  by  Fuentes  et^  al.  (1976),  who  reported  that 
(+)-TCP  was  between  10  and  60  times  more  potent  than  (-)-TCP, 
depending  on  the  amine  substrate  used.  These  workers  also  reported  that 
both  isomers  were  better  inhibitors  of  MAO-B  than  of  MAO-A.  Smith  and 
Petersen  (1982)  examined  the  effects  of  (+)-  and  (-)-TCP  on  brain  levels 
of  5-HT  and  5-hydroxyindoleacetic  acid  (5-HIAA).  At  doses  between  1.5 
mg/kg  and  30  mg/kg,  (+)-TCP  caused  an  increase  in  5-HT  levels  whereas 
(-)-TCP  had  no  significant  effect.  Only  the  high  dose  of  (+)-TCP  (30 
mg/kg)  decreased  5-HIAA  levels.  These  preliminary  results  demonstrate 
that  there  are  stereoselective  effects  of  TCP  enantiomers  on  serotonin- 
ergic  systems. 

Reigle  et  al.  (1980)  studied  the  effects  of  TCP  isomers  on  NE  meta¬ 
bolism  in  rat  brain.  It  was  found,  after  intracisternal  administration 
of  ^H-NE,  that  both  isomers  inhibited  its  deamination,  but  the  (+)-iso- 
mer  was  considerably  more  potent.  The  (—)— isomer  was  found  to  enhance 
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the  disappearance  of  endogenous  and  tritiated  NE  from  the  brain.  The 
(+)-isomer  at  comparable  doses  was  devoid  of  this  effect.  Although  this 
action  appeared  to  result  from  an  increase  in  catecholamine  release,  the 
possibility  of  a  contribution  from  uptake  inhibition  could  not  be  elimi¬ 
nated.  Despite  the  differential  properties  of  the  two  isomers,  the  lar¬ 
gest  increases  in  brain  levels  of  ^H-normetanephrine,  the  O-methylated 
metabolite  of  NE,  were  produced  by  racemic  TCP. 

The  effects  of  TCP  enantiomers  on  the  behavior  of  rats  pretreated 
with  reserpine  have  been  examined  in  several  studies.  This  test  is 
widely  used  as  a  drug  screen  for  potential  antidepressant  efficacy 
despite  the  fact  that  its  use  as  a  model  for  depression  has  been  ques¬ 
tioned  (Fuentes  et^  al. ,  1976).  Both  Smith  (1981)  and  Fuentes  ejt  al. 
(1976)  found  that  the  (+)-enantiomer  of  TCP  was  more  potent  than  the 
(-)-enantiomer  in  antagonizing  the  sedative  effects  of  reserpine. 

A  number  of  studies  have  reported  the  effects  of  TCP  isomers  in 
humans.  Gorenstein  and  Gentil  (1981)  examined  the  effects  of  TCP  iso¬ 
mers  using  a  battery  of  tests,  both  physiological  (electrocardiogram, 
blood  pressure,  pulse  rate,  pupil  size)  and  psychological  (digit-symbol 
substitution  test,  symbol  copying  test,  cancellation  task,  time  estima¬ 
tion,  visual  analog  global  impression,  mood  scale,  and  bodily  symptom 
scale).  In  this  double-blind  study,  no  significant  differences  were 
found  between  the  isomers  when  compared  either  to  each  other  or  to  a 
placebo.  However,  side  effects,  particularly  those  associated  with  the 
sleep— waking  cycle,  were  more  consistently  reported  with  the  drug 
groups.  The  (+)-isomer  was  associated  with  more  awakenings  during  the 
night,  while  delayed  sleep  onset  was  more  frequently  reported  with  (— )— 
TCP  when  given  at  night.  When  administered  in  the  morning,  both  isomers 
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caused  sleepiness  that  was  more  frequent  and  more  intense  than  that  with 
placebo.  This  is  contrary  to  the  stimulating  effects  of  (±)-TCP 
reported  both  in  clinical  studies  (Gentil  £t  al. ,  1978;  Himmelhock  et 
al. ,  1982)  and  in  antagonism  of  reserpine-induced  depression  in  animals 
(Smith,  1980). 

The  first  clinical  trial  comparing  TCP  isomers  (in  11  depressed 
patients)  reported  that  the  (-)-isomer  was  a  more  effective  antidepres¬ 
sant  than  the  (+)-isomer,  and  that  the  latter  showed  a  higher  incidence 
of  side  effects  (Escobar  et  al.,  1974).  Moises  and  Beckman  (1981)  have 
criticized  this  study  on  the  basis  of  the  difference  in  the  global 
depression  scores  at  the  beginning  of  the  clinical  trial,  the  scores 
being  25  for  the  (-)-TCP  treatment  group  and  16  for  the  (+)-TCP  group. 
In  their  own  double-blind,  controlled  study  of  TCP  isomers,  Moises  and 
Beckman  (1981)  found  that  statistically  significant  improvement  was 
apparent  only  in  the  (+)-TCP  group.  They  also  reported  a  greater  inci¬ 
dence  of  side  effects  with  (+)-TCP.  Their  conclusion  was  that  the  anti¬ 
depressant  effect  was  primarily  the  result  of  MAO  inhibition. 

The  greater  MAO-inhibiting  properties  of  (+)-TCP  have  also  been 
used  advantageously  in  the  treatment  of  Parkinson's  disease  (Reynolds  et 
al. ,  1981).  It  was  found  that  low  doses  (3  mg/day),  of  the  (+)-isomer 
in  particular,  are  effective  as  an  adjuvant  to  L-dopa  therapy.  It  was 
claimed  that,  at  the  dosages  administered,  side  effects  were  minimal. 

Since  studies  on  TCP  isomers  have  consistently  shown  them  to  have 
stereoselective  effects  on  5-HT  mechanisms,  it  is  of  interest  to  attempt 
to  explain  their  actions  at  the  molecular  level.  Smith  and  Petersen 
(1982)  have  pointed  out  that  a  common  feature  of  (+)-TCP,  lysergic  acid 
diethylamide  ([+]-LSD),  and  L-tryptophan  is  the  spatial  relationship 


. 

« 


26 


between  the  nitrogen  atom  in  the  ethylamine  group  and  the  phenyl  ring. 
This  suggests  that  (+)-TCP  has  the  potential  to  interact  directly  with 
5-HT  receptors,  as  has  been  shown  with  LSD  (Peroutka  and  Snyder,  1979), 
but  the  situation  is  obviously  much  more  complex.  Further  research  at 
the  molecular  level  is  necessary  to  determine  why  TCP  isomers,  trypto¬ 
phan,  LSD,  and  other  drugs  which  interact  with  5-HT  systems  exert  such 
widely  differing  effects. 

In  summary,  the  differences  between  the  TCP  isomers  have  been  exa¬ 
mined  at  the  chemical,  neurochemical,  physiological,  and  behavioural 
levels.  Many  of  these  studies  were  most  likely  prompted  by  the  observa¬ 
tion  of  Horn  and  Snyder  (1972)  that  (-)-TCP  was  a  more  potent  inhibitor 
of  amine  reuptake  than  (+)-TCP.  They  also  suggested  that  knowledge  of 
the  differential  antidepressant  efficacy  of  (+)-  and  (-)-TCP  might  indi¬ 
cate  the  extent  to  which  the  drug's  antidepressant  activity  is  related 
to  inhibition  of  amine  uptake  or  inhibition  of  monoamine  oxidase. 

The  following  statements  may  be  made  summarizing  work  since  then: 

(1)  The  initial  observations  of  Zirkle  ^t  al.  (1962)  and  Horn  and 
Snyder  (1972)  have  been  substantiated.  That  is,  the  (+)-isomer  is  a 
more  potent  MAO-inhibitor ,  whereas  the  (-)-isomer  is  a  more  potent  inhi¬ 
bitor  of  the  reuptake  of  catecholamines.  However,  detailed  studies  of 
reuptake  inhibition  versus  amine  release  have  not  yet  been  done. 

(2)  TCP  isomers  have  definite  effects  on  5-HT  systems,  and  this  pro¬ 
perty  may  contribute  to  clinical  efficacy.  Again,  detailed  studies  of 
reuptake  versus  release  dynamics  are  lacking. 

(3)  The  small  number  of  clinical  trials  have  not  determined  adequately 
which,  if  either,  of  the  TCP  isomers  is  more  efficacious  as  an  anti¬ 
depressant  . 
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(A)  Several  authors  have  suggested  that  knowledge  of  the  differential 
effects  of  TCP  isomers  might  be  of  value  in  determining  the  mode  of 
action  of  TCP  and  related  drugs  on  endogenous  neurotransmitters  at  the 
molecular  level. 

5.  Metabolism  of  Tranylcypromine 

The  metabolism  of  TCP  has  not  been  extensively  studied.  Structur¬ 
ally,  TCP  is  similar  to  amphetamine  (AMP),  but  its  neurochemical  proper¬ 
ties  are  different.  This  difference  is  to  a  large  extent  quantitative 
rather  than  qualitative  because  both  compounds  cause  release  of  biogenic 
amines  and  inhibit  their  reuptake,  although  AMP  is  a  relatively  weak  MAO 
inhibitor.  Unlike  TCP,  AMP  is  a  reversible  MAO  inhibitor  (Clarke, 
1980). 

In  a  comparative  metabolism  study  of  TCP  and  AMP,  Alieva  (1965) 
determined  that  4%  of  injected  l^C-TCP  (5  mg/kg)  was  excreted  unchanged, 
and  12%  was  excreted  as  ^C-hippuric  acid.  The  corresponding  values  for 
AMP  were  15%  and  2%.  Approximately  71%  of  both  amines  were  excreted  in 
the  urine,  mainly  as  metabolites,  within  the  first  24  hours.  The  iden¬ 
tification  of  hippuric  acid  as  a  metabolite  demonstrates  that  the  cyclo¬ 
propyl  ring  can  be  broken;  however,  it  was  concluded  that  this  cleavage 
does  not  involve  the  formation  of  AMP,  based  on  different  patterns  of 
peaks  in  the  paper  chromatograms  obtained  in  this  study.  It  was  sug¬ 
gested  that  a  liver  microsomal  enzyme  system  described  by  Axelrod  (1955) 
which  deaminates  a-alkylamines  to  ketones  may  be  involved  in  the  ring¬ 
splitting  reaction. 

Contrary  to  the  animal  study  by  Alieva,  Youdim  e t  al .  (1979) 
reported  the  detection  of  AMP,  me thamphet amine ,  and  PEA  in  the  plasma  of 
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a  TCP  overdose  victim.  In  this  report,  analyses  were  done  by  GC  and 
GC-MS. 

Theoretically,  TCP  could  also  be  metabolized  to  para-hydroxy-TCP 
(jd-OH-TCP).  Para-hydroxy  amphetamine  (j>-OH-AMP)  has  been  detected  as  a 
metabolite  of  AMP  jin  vivo  and  jLn  vitro  in  the  rat  (Axelrod,  1954; 
Billings  jit  al. ,  1978;  Prelusky,  1983).  The  enzyme  system  responsible 
for  this  reaction  has  not  been  fully  characterized.  Results  of  studies 
done  by  Billings  e_t  al.  (1978)  indicate  that  the  hydroxylation  system 
has  most  of  the  properties  of  the  cytochrome  P-450  mixed-function  oxi¬ 
dase  (MFO)  system  found  in  microsomes.  It  is  inhibited  by  CO  and  by 
SKF-525A  and  is  particularly  sensitive  to  the  inhibitory  effects  of  the 
antidepressant  iprindole.  It  also  has  a  dependence  upon  NADPH.  How¬ 
ever,  unlike  other  substrates  of  the  P-450  system,  the  AMP  hydroxylating 
system  is  not  induced  by  phenobarbital  or  3-methylcholanthrene . 

Tranylcypromine  is  an  inhibitor  of  the  microsomal  MFO  system  by  its 
interaction  with  cytochrome  P-450  (Belanger  and  Atitse-Gbeassor ,  1982). 
This  MAOI  is  a  competitive  inhibitor  of  N-  and  O-demethylations  of  amin- 
opyrine  and  p-nitroanisole  respectively,  but  is  a  non-competitive  inhi¬ 
bitor  of  the  N-demethylation  of  N,N-dimethylaniline  and  of  aniline 
hydroxylation.  Tranylcypromine  gives  a  typical  type  II  difference  spec¬ 
trum  with  a  half-maximum  change  value  (Ks)  of  0.3  mM.  These  results 
show  that  TCP  is  more  strongly  bound  to  cytochrome  P-450  than  are  amino- 
pyrine  and  aniline  since  their  Kg  values  are  1.8  and  2.6  mM  respec¬ 
tively.  In  addition,  preincubation  of  TCP  for  30  min.  with  fortified 
microsomal  homogenate,  prior  to  addition  of  substrate  (aniline), 
resulted  in  a  decrease  of  the  inhibitory  effect  of  approximately  50%  as 
estimated  by  comparison  of  Ki  values  obtained  with  and  without  preincu— 
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bation  (Belanger  and  Atitse-Gbeassor ,  1982),  It  can  therefore  be  con¬ 
cluded  that  TCP  itself  is  responsible  for  the  inhibitory  effect  on  cyto¬ 
chrome  P-450  and  that  the  metabolic  products,  although  unidentified  in 
this  study,  contribute  little,  if  at  all,  to  the  inhibition  of  this 
enzyme  system. 

Although  jd-OH-TCP  may  not  contribute  to  inhibition  of  the  MFO  sys¬ 
tem,  it  may  have  other  active  neurochemical  properties.  Analogous  para- 
hydroxylated  metabolites  have  been  shown  to  possess  biological  activ¬ 
ity.  For  example,  £-OH-AMP  has  been  shown  to  produce  a  pressor  effect 
(Maxwell  et  al . ,  1959)  and  to  be  taken  up  into  synaptosomal  preparations 
from  rat  striatum  and  cortex  (Cho  et  al.,  1977).  In  addition,  jj-OH-AMP 
appears  to  be  approximately  equipotent  to  AMP  in  inhibiting  the  reuptake 
of  NE  and  in  causing  release  of  this  neurotransmitter  (Wenger  and 
Rutledge,  1974).  Wenger  and  Rutledge  (1974)  also  determined  that  para- 
hydroxynorephedrine ,  another  metabolite  of  AMP,  was  substantially  less 
active  than  AMP  or  jd-OH-AMP  in  causing  release  or  inhibition  of  reuptake 
of  NE. 

Para- hydroxylat ion  of  another  related  compound,  PEA,  to  form  para- 
tyramine  (jd-TA)  has  also  been  shown  to  potentiate  the  release  of  NE,  DA, 
and  5-HT  from  synaptosomes  and  to  increase  the  inhibition  of  reuptake  of 
these  amines  into  synaptosomes  (Raiteri  et  al . ,  1977). 

In  summary,  a  potentially  important  metabolic  pathway  for  TCP  is 
oxidation  by  the  microsomal  MFO  system.  In  contrast  to  AMP,  which 
appears  to  be  a  substrate  for  this  system,  albeit  somewhat  atypical,  TCP 
is  an  inhibitor.  The  consequence  of  being  an  inhibitor  of  both  the  MFO 
system  and  MAO  is  not  fully  understood.  Although  TCP  may  inhibit  its 
own  metabolism  to  £-OH-TCP,  any  j>-OH-TCP  formed  may  contribute  to  the 
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effects  of  TCP  on  release  and/or  inhibition  of  reuptake  of  aminergic 
neurotransmitters .  The  hypothetical  pathways  for  the  metabolism  of  TCP 
are  depicted  in  Figure  3. 
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6.  Formation  of  Tetrahydro-ft-Carbolines  after  the  Administration  of 

Tranylcypromine  and  5-Hydroxytryptophan 

Tetrahydro-  B-carbolines  (THBCs)  are  the  condensation  products  of 
indoleamines  with  aldehydes  via  the  Pictet-Spengler  reaction  (Figure 
4).  Some  of  these  THBCs  form  readily  under  physiological  conditions 
(Whaley  and  Govindachari ,  1931).  In  recent  years,  interest  in  them  has 
grown  not  only  because  they  have  been  detected  as  normal  constituents  of 
body  fluids  of  animals  and  humans,  but  also  because  they  appear  to  have 
a  variety  of  biological  effects  (see  Airaksinen  and  Kari,  1981,  Buck- 
holtz,  1980,  and  Bloom  et  al. ,  1982  for  reviews). 

Structurally,  THBCs  are  related  to  the  harmala  alkaloids,  specifi¬ 
cally  the  aromatic  B-carbolines  harmaline,  harmine,  and  harmalol.  These 
compounds  are  found  in  the  Amazonian  plants  of  the  genus  Banisteriopsis 
and  in  the  Middle  East  in  the  plant  Peganum  harmala.  These  and  some  of 
the  THBC  congeners  have  been  found  to  be  highly  hallucinogenic  and  have 
been  used  for  the  purpose  of  inducing  such  states  by  the  native  peoples 
where  the  plant  sources  are  found  (Naranjo,  1967).  As  with  most  other 
hallucinogenic  drugs,  their  exact  mode  of  action  is  unknown,  although  a 
variety  of  biochemical  and  neurochemical  actions  have  been  described. 

It  is  well  known  that  THBCs  inhibit  MAO  (Buckholtz,  1980),  It 
appears  that  they  are  better  inhibitors  of  MAO— A  than  MAO— B,  both  in 
vivo  and  in  vitro.  Meller  et  al .  (1977)  reported  the  IC50S  (pM)  for 


THBC,  6-methoxy-THBC,  and  6-OH-THBC  as  3.7,  3.7,  and  28  respectively  for 
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Figure  3.  Proposed  metabolic  pathways  for  tranylcypromine. 
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5-HT  as  substrate,  and  250,  >  1000,  >  1000  for  PEA  as  substrate.  The 
B -carboline  harmaline  is  a  reversible  MAO-A  inhibitor  and  is,  in  this 
respect,  similar  to  AMP  (Green,  1980). 

THBCs  also  inhibit  the  reuptake  of  5— HT  into  synaptosomes . 
Friedman  ^t  al.  (1980)  have  reported  IC50S  of  0.86,  0.54,  and  0.13  pM 
for  THBC,  6-methoxy-THBC ,  and  6— OH-THBC  respectively.  Therefore  these 
8 -carbolines  are  more  potent  inhibitors  of  5-HT  reuptake  than  inhibitors 
of  MAO.  The  THBCs  are  more  potent  than  the  corresponding  aromatic 
B-carbolines  in  inhibiting  the  reuptake  of  5-HT  (Buckholtz  and  Boggan, 
1977). 

Another  way  in  which  THBCs  could  affect  5-HT  metabolism  would  be 
by  a  modification  in  neurotransmitter  release.  The  published  data  on 
the  effects  of  THBCs  on  5-HT  release  are  somewhat  contradictory.  Kellar 
et  al.  (1976)  found  no  effect  of  6-OH-THBC  (0.4  pM)  on  release  of  radio- 
labelled  5-HT  from  synaptosomes.  In  slices  of  bovine  retina,  Thomas  et 
al.  (1979)  found  that  6-methoxy-THBC  (1  pM)  increased  the  Ca^-dependent 
K+-stimulated  release  of  5-HT  by  about  50%.  In  evaluating  these  stud¬ 
ies,  it  appears  that  in  the  hypothalamus  there  does  seem  to  be  increased 
release  of  5-HT  by  THBC  and  6-OH-THBC,  but  the  per  cent  release  is  con¬ 
siderably  less  than  the  per  cent  inhibition  of  reuptake  at  comparable 
concentrations . 

Because  of  the  structural  similarities  between  5-HT  and  the  THBCs, 
the  THBCs  may  themselves  be  taken  up  into  5-HT  neurons  where  they  could 
act  as  neuromodulators.  The  data  on  inhibition  of  MAO  after  administra¬ 
tion  of  6-methoxy-THBC  (Buckholtz  and  Boggan,  1977)  suggest  that  it  does 
enter  nerve  endings  since  most  MAO  is  located  on  the  outer  mitochondrial 
membrane.  Also  the  selective  effects  of  THBCs  on  increasing  5-HT  but 
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not  catecholamine  levels  could  be  the  result  of  preferential  uptake  into 
5-HT-containing  neurons  (Buckholtz,  1980). 

All  the  effects  mentioned  above  are  presynaptic  neurochemical 
actions.  Cascio  and  Kellar  (1982)  have  examined  the  affinities  of  THBCs 
for  5-HT  and  T  receptors.  They  reported  that  THBC  and  6-OH-THBC  have 
relatively  low  affinity  for  5-HTj  and  5-HT2  binding  sites  in  rat  cere¬ 
bral  cortex,  suggesting  that  presynaptic  effects  may  be  more  important 
than  postsynaptic  effects  on  5-HT  systems. 

Aside  from  the  direct  and  indirect  actions  of  THBCs  on  neurotrans¬ 
mitter  systems,  particularly  the  5-HT  system,  interest  in  these  com¬ 
pounds  has  also  been  boosted  by  the  discovery  that  £  -carboline-3-carbox- 
ylic  acid  ethyl  ester  is  a  potent  inhibitor  of  binding  of  benzodiaze¬ 
pines  (BZD)  at  their  receptor  site  (Braestrup  and  Nielsen,  1980). 
Although  this  compound  was  isolated  from  human  urine,  it  appears  that 
the  ester  function  is  an  artifact  of  the  isolation  procedure  itself. 
The  free  acid  has  an  affinity  of  about  4500x  less  than  the  ethyl  ester 
(IC50  of  31  y M  vs  7  nM  for  the  ethyl  ester)  but  has  not  been  detected  Tn 
vivo.  Harmane  ( 1-methyl-B  -carboline)  appears  to  be  the  most  potent 
endogenously-occurring  inhibitor  of  BZD  binding  yet  found,  but  its  IC50 
is  also  rather  low  (IC50;  7  y M)  (Rommelspacher  et  al»,  1980). 

Nevertheless,  much  work  and  even  more  theoretical  speculation  on 
the  possibility  of  an  endogenous  ligand  for  the  BZD  receptor  analogous 
to  those  for  the  endogenous  opiates  has  been  initiated  by  this  discov¬ 
ery.  Recent  reports  (Ninan  et  al. ,  1982  and  Dorow,  1982)  indicate  that 
several  of  the  carboxylic  acid  derivatives  of  3— carbolines  may  be  anxio— 
genic  in  humans  and  monkeys.  This  would  suggest  that  the  endogenous 
ligand,  if  it  exists,  may  be  anxiogenic.  However,  small  changes  in  the 
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$-carboline  structure  drastically  alter  the  agonist-antagonist  proper¬ 
ties  of  these  compounds  (Martin,  1980),  so  that  a  much  more  complex  mod¬ 
ulation  of  the  system  may  be  possible. 

Another  area  of  active  research  on  THBCs  is  their  formation  after 
administration  of  substances  which  may  result  in  increased  levels  of 
THBCs.  Formation  of  THBCs  after  ethanol  administration  has  been  studied 
by  a  number  of  groups.  In  vivo,  ethanol  is  metabolized  to  acetaldehyde 
which  can  condense  with  indoles  to  form  THBCs.  Rommelspacher  et  al. 
(1980)  reported  detecting  1-methyl-THBC  and  1-methyl-B -carboline  in  the 
urine  of  rats  and  humans  after  ethanol  administration.  Peura  et^  al. 
(1980)  detected  1-methyl-THBC  in  human  blood  after  ingestion  of  ethanol. 

A  major  impetus  in  research  on  the  formation  of  $-carbolines  after 
ethanol  ingestion  is  the  possibility  that  these  compounds  may  be  in¬ 
volved  in  alcohol  addiction  (Holman  et  al.,  1980).  Behavioral  studies 
in  this  area  have  produced  contradictory  results.  Messiha  et  al.  (1977) 
have  reported  that  chronic  administration  of  6-methoxy-tetrahydroharman 
or  acute  administration  of  6-methoxy-THBC ,  1-methyl-THBC,  or  THBC 
reduced  ethanol  consumption  in  rats.  Myers  and  Melchoir  (1977)  found 
that  intraventricular  administration  of  THBC  (either  chronic  infusion 
every  30  min  for  12  days  or  injection  once/day  for  12  days)  signifi¬ 
cantly  increased  alcohol  ingestion  in  rats.  Certain  symptoms  of  with¬ 
drawal  were  seen  during  the  course  of  chronic  administration.  Further 
complicating  the  situation  is  a  study  by  Beck  et  al .  (1982)  who  reported 
that  there  was  no  relationship  between  ethanol  intake  and  the  levels  of 
1-methyl-THBC  or  6-OH-l-methyl-THBC  in  rats  or  humans.  In  fact,  both  of 
these  compounds  were  reported  to  be  present  in  human  urine  from  control 
subjects.  Subsequent  studies  by  this  group  showed  that  these  compounds 
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were  present  in  a  variety  of  foods,  including  beer,  wine,  cheese,  and 
bananas.  The  consumption  of  5  bananas  by  two  subjects  greatly  increased 
their  urinary  excretion  of  6-OH-l-methyl-THBC.  Although  diet  may  be  one 
source  of  THBCs  in  humans,  THBCs  were  still  detected  in  rat  urine 
despite  the  inability  to  detect  these  compounds  in  rat  food. 

Theoretically,  another  way  to  increase  formation  of  THBCs  is  to 
increase  concentrations  of  indoles.  In  the  study  by  Beck  et  al.  (1982), 
some  of  the  foods  containing  high  THBC  concentration  also  contain  con¬ 
siderable  amounts  of  tryptophan  (e.g.  bananas).  Tryptophan,  the  dietary 
precursor  of  5-HT,  has  been  used  as  an  antidepressant  and  an  antimanic 
agent  (van  Praag,  1981).  Tryptophan  loading  increases  5-HT  and  T  levels 
in  the  brain  (Warsh  et_  al. ,  1979).  Rommelspacher  et^  al.  (1979)  have 
demonstrated  that  6-OH-THBC  could  be  detected  in  human  urine  after  a 
dose  of  5-hydroxy tryptophan,  the  immediate  precursor  of  5-HT.  This  com¬ 
pound  could  not  be  detected  in  urine  in  untreated  subjects,  although  it 
was  detected  in  platelets  of  untreated  subjects. 

Another  way  to  increase  5-HT  and  T  levels  is  by  the  administration 
of  MAOIs.  The  formation  of  THBCs  after  treatment  with  MAOIs  has  not 
been  reported.  The  combination  of  an  MAOI  with  tryptophan  has  also  been 
used  on  a  limited  basis  as  an  antidepressant  therapy  (Glassman  and 
Platman ,  1969;  Alino  et^  al. ,  1976).  This  drug  regimen,  when  admini¬ 
stered  to  rodents,  produces  a  bizarre  behavioral  syndrome  characterized 
by  stereotypy,  headweaving,  forepaw  treading,  hindlimb  extension,  sali¬ 
vation,  and  straub  tail  (Hess  and  Doepfner,  1961;  Hampson,  personal 
observation)  •  It  has  been  shown  that  the  concentrations  of  5-HT  and  T 
rise  dramatically  after  injection  of  this  drug  combination  to  rats  (Hay 
et  al.,  1982).  Insel  et  aL  (1982)  described  two  patients  given  a  sin- 
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gle  dose  of  the  tricyclic  antidepressant  clomipramine  who  apparently 
displayed  the  5— HT  syndrome.  This  response  may  have  resulted  from  an 
interaction  with  clorgyline  (MAOI)  given  to  the  patients  several  weeks 
earlier. 

The  involvement  of  the  $  -carbolines,  if  any,  in  the  5-HT  syndrome 
is  not  known,  although  optimal  conditions  may  be  present  for  their  form¬ 
ation  under  these  conditions.  Two  of  the  most  likely  THBCs  to  be  formed 
would  be  the  condensation  products  of  5-HT  and  T  with  formaldehyde,  to 
form  6-OH-THBC  and  THBC  respectively. 

A  major  problem  encountered  in  studies  on  detection  of  THBCs  is  the 
difficulties  involved  in  their  analysis.  Their  poor  solubility,  rela¬ 
tively  high  molecular  weight,  and  presence  in  trace  quantities  all  con¬ 
tribute  to  the  difficulties  associated  with  their  analysis.  In  addi¬ 
tion,  the  amphoteric  nature  of  6-OH-THBC  further  contributes  to  the  pro¬ 
blems  involved  with  extraction  and  isolation.  Bosin  j2t  al.  (1982)  have 
outlined  many  of  the  analytical  pitfalls  encountered  in  the  identifica¬ 
tion  and  quantitation  of  endogenous  THBCs.  Of  major  concern  was  the 
artifactual  formation  of  THBCs  after  sample  collection.  Trace  quanti¬ 
ties  of  aldehydes  in  the  solvents  and  reagents  used  or  in  the  tissue 
samples  themselves  posed  a  formidable  problem.  This  was  circumvented  by 
using  pure  "aldehyde-free”  solvents,  aldehyde- trapping  agents  (semicar- 
bazide,  5-methoxytryptamine) ,  and  short  extraction  and  workup  times. 
Under  these  conditions,  reproducibility  was  greatly  improved. 

To  summarize,  the  B  -carbolines  and  THBCs  have  a  wide  spectrum  of 
neurochemical  actions.  It  appears  that  interactions  with  5-HT  at  the 
presynaptic  level  are  the  most  prominent.  They  have  been  hypothesized 
to  be  involved  with  such  diverse  phenomena  as  anxiety  and  stress  to 
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alcohol  addiction.  Several  analogs  of  the  B  — carbolines  are  potent  hal¬ 
lucinogens;  however,  the  behavioral  effects  in  humans  of  many  of  these 
compounds  is  unknown.  A  number  of  studies  have  detected  several  THBCs 
as  normal  constituents  of  body  tissues  and  increased  levels  after  vari¬ 
ous  drug  treatments.  A  fundamental  problem  has  been  the  accurate  analy¬ 
sis  of  these  compounds  due  to  a  variety  of  analytical  difficulties  and 
such  problems  have  been  the  target  of  several  valid  criticisms.  Due  to 
recent  advances  in  analytical  techniques,  future  research  may  obviate 
these  problems. 

7 •  Outline  of  Research  Programme 

(a)  Acute  and  Chronic  Administration  of  Tranylcypromine 

Although  the  acute  effects  of  TCP  on  monoamine  systems  have  been 
known  for  some  time,  the  effects  of  long-term  treatment  have  not  been 
thoroughly  investigated.  Current  theories  on  the  mode  of  action  of 
antidepressants  are  evolving  towards  the  study  of  various  biological 
parameters  after  long-term  treatments.  This  has  been  instigated  primar¬ 
ily  by  the  temporal  discrepancy  between  acute  neurochemical  effects, 
which  take  place  immediately,  and  the  remission  of  the  symptoms  of 
depression,  which  are  usually  delayed  for  1  to  4  weeks. 

Both  pre-  and  pos t-synaptic  neurotransmitter  mechanisms  have  been 
examined  after  long-term  antidepressant  treatment,  but  the  few  studies 
available  have  produced  contradictory  results.  This  is  particularly 
true  of  the  presynaptic  components  of  neurotransmitter  dynamics  involved 
with  synthesis  and  regulation  of  the  neurotransmitters  and  hence  their 
levels  in  the  body. 

As  stated  above,  reports  of  both  sustained  increases  in  amine 
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levels  (Waldmeier  e  t  al . ,  1981)  and  a  return  to  baseline  values  (Robin¬ 
son  et^  al . ,  1978;  Murphy  et^  al . ,  1978)  have  been  reported  with  chronic 
MAOI  treatment.  In  addition,  in  most  of  these  studies,  extremely  high 
and  clinically  irrevelant  doses  of  drugs  have  been  used.  The  use  of  a 
therapeutic  dose  of  an  antidepressant  during  a  chronic  study  is  para¬ 
mount  to  obtaining  meaningful  results  since  the  dose  may  be  directly 
associated  with  the  time  element  involved  with  changes  of  neurotransmit¬ 
ter  levels  and  the  maximum  response  obtained.  Many  studies  also  suffer 
from  a  lack  of  comprehensiveness.  For  example,  during  long-term  MAOI 
administration,  reports  of  neurotransmitter  levels  without  concomitant 
measurement  of  MAO  inhibition  and/or  drug  levels  have  been  the  status 
quo.  Other  criticisms  include  short  duration  of  drug  administration  and 
the  measurement  of  only  one  or  two  amines. 

The  present  study  has  attempted  to  remedy  these  deficiencies 
by  conducting  a  more  comprehensive  neurochemical  study  of  the  effects 
of  long-term  treatment  with  TCP  at  a  low,  clinically-relevant  dose. 
Rats  were  injected  daily  with  1  mg/kg  TCP  for  up  to  42  days.  At 
various  time  periods  during  TCP  administration,  rats  were  either 
sacrificed  and  brains  removed  for  analysis,  or  urine  was  collected 
for  analysis. 

Brain  tissue  was  analysed  for  biogenic  amines  from  3  major  classes 
of  neurotransmitters:  the  catecholamine  DA,  the  indolealkylamine  5— HT, 
and  the  trace  amines  T  and  PEA.  All  of  these  amines  have  been  proposed 
as  being  involved  in  various  psychiatric  disorders.  The  amines  selected 
include  the  MAO-A  substrate  5-HT,  the  MAO-B  substrate  PEA,  and  the  pro¬ 
posed  mixed  substrates  DA  and  T.  Urine  was  analysed  for  3— HT,  T,  PEA, 
and  the  dopamine  metabolite  3-methoxytyramine  (3-MT).  3-Methoxytyramine 
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rather  than  DA  was  analysed  due  to  the  instability  (oxidation)  of  DA  in 
solution.  Inhibition  of  MAO— A  and  MAO— B  was  measured  in  vivo  in  all 
brain  samples  analysed. 

Finally,  an  extremely  sensitive  and  reproducible  method  for  the 
analysis  of  TCP  in  brain  tissue  was  developed.  Such  a  method  was 
required  to  measure  TCP  in  brain  tissue  because  of  the  low  dose  used. 

(b)  Administration  of  Tranylcypromine  Isomers 

Although  the  acute  effects  of  TCP  on  some  of  the  amine  systems  have 
been  examined,  few  studies  have  looked  at  the  effects  of  the  separate 
optical  isomers  of  TCP  on  brain  amine  levels.  Some  researchers  have 
studied  the  actions  of  the  isomers  on  inhibition  of  brain  MAO-A  and  MAO- 
B  In  vivo ,  but  in  none  of  these  investigations  have  the  actual  brain 
concentrations  of  the  amines  which  are  specific  substrates  for  these  two 
forms  of  MAO  (5-HT  and  PEA  respectively)  been  reported.  Previous  stud¬ 
ies  have  investigated  the  potency  of  TCP  isomers  on  MAO  inhibition 
(Zirkle  al . ,  1962)  and  amine  reuptake  inhibition  (Horn  and  Snyder, 
1972),  but  these  studies  have  utilized  relatively  crude  assay  techniques 
(e.g.  Zirkle  ^it  al. ,  1962  measured  MAO  inhibition  by  potentiation  of  T- 
induced  convulsions)  or  techniques  which  may  have  produced  physiologi¬ 
cally  irrelevant  results  (Horn  and  Snyder,  1972;  see  Section  IV. B. 3  for 
further  discussion). 

The  present  study  measured  the  effects  of  TCP  on  several  neuro¬ 
chemical  parameters  after  the  administration  of  1  mg/kg  of  either  the 
(+)—  or  (  —  )— isomer.  The  biogenic  amines  5-HT  and  PEA  (substrates  for 
MAO-A  and  MAO— B)  were  measured  in  the  brain  at  0.5,  1.5,  3.0,  and  6.0  hr 
after  drug  administration.  Inhibition  of  MAO— A  and  MAO— B  was  measured 
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In  vivo  for  both  isomers,  and  Inhibition  of  MAO  was  also  determined  in 
vitro .  The  combination  of  In  vivo  and  iji  vitro  experiments  was  expected 
to  produce  a  more  accurate  indication  of  the  relative  potency  of  the 
isomers . 

In  addition,  the  inhibition  of  reuptake  of  ^H-NE  in  the  hypothala¬ 
mus  and  of  ^H-DA  and  ^H-5-HT  in  the  striatum  jLn  vitro  by  (+)-  and  (-)- 
TCP  was  also  determined.  In  another  series  of  in  vitro  experiments,  the 
ability  of  (+)-  and  (-)-TCP  to  release  these  tritiated  neurotransmitter 
amines  from  brain  tissue  was  examined.  There  have  been  no  reports  in 
the  literature  that  have  looked  at  release  of  amine  neurotransmitters  by 
the  TCP  isomers  using  a  method  which  measures  "pure"  release  (Raiteri  et 
al . ,  1974).  The  effects  on  release  of  -^H-NE  from  the  hypothalamus  and 
^H-DA  and  3h-5-ht  from  the  striatum  were  investigated. 

It  is  hoped  that  the  results  of  these  studies  will  give  a  better 
understanding  of  the  response  of  several  neurotransmitter  systems  to  the 
two  stereoisomeric  forms  which  make  up  the  TCP  used  commercially. 
Results  of  these  studies  could  give  further  insight  into  the  relative 
sensitivity  and  flexibility  of  various  enzyme  and  uptake  systems  in 
neurons . 

(c)  Detection  and  Characterization  of  Para-Hydroxytranylcypromine 

A  number  of  compounds  structurally  related  to  TCP,  particularly 
AMP,  have  been  shown  to  be  para-hydroxyl  a  ted  and  it  has  been  demon¬ 
strated  that  these  oxidized  metabolites  are  biologically  active.  Only 
one  major  metabolic  study  of  TCP  has  been  reported  in  the  literature 
(Alieva,  1965)  and  this  study  was  both  incomplete  (verification  of  only 
2  metabolites)  and  relatively  crude  (paper  chromatography  was  used  for 
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separation  and  structural  determination). 

The  present  study  has  utilized  gas  chromatography  (GC)  and  combined 
GC- mass  spectrometry  (MS)  for  detection  of  p-OH-TCP.  The  sensitivity 
and  selectivity  of  the  combination  of  high-resolution  glass  capillary  GC 
columns  and  that  inherent  in  the  mass  spectrum  itself  are  considered  by 
many  to  be  the  best  technology  available  for  drug  metabolism  studies 
which  attempt  to  detect,  quantitate,  and  characterize  minute  quantities 
of  drug  metabolites  in  body  fluids.  Since  no  methods  for  the  analysis 
of  jd-OH-TCP  have  been  reported  in  the  literature,  methods  were  developed 
for  its  analysis  in  both  brain  tissue  and  urine.  For  analysis  of 
j)-OH-TCP  in  brain,  a  method  with  very  low  limits  of  detection  was 
required  since  it  was  anticipated  that  low  levels  of  j>-OH-TCP  may  be 
present  in  the  brain. 

Studies  were  also  undertaken  to  determine  whether  j>-OH-TCP  was  a 
biologically  active  metabolite.  Monoamine  oxidase  inhibition  was  stud¬ 
ied  In  vitro  along  with  determination  of  the  neurotransmitter  reuptake 
inhibiting  and  releasing  properties  of  £-OH-TCP. 

Another  important  aspect  of  this  study  was  the  determination  of  the 
relative  influence  of  pretreatment  with  various  drugs  on  para-hydroxyla- 
tion  of  TCP.  Although  these  methods  are  indirect  in  that  levels  of  the 
parent  drug  TCP  rather  than  the  metabolite  are  measured,  such  informa¬ 
tion  helps  to  substantiate  the  existence  and  extent  of  ring  hydroxyla- 
tion.  These  experiments  also  have  clinical  relevance  since  some  of 
these  drug  combinations  are  used  by  some  physicians  (the  TCP  +  triflu- 
perazine  combination  is  a  commercial  pharmaceutical  product).  These 
experiments  may  also  be  of  value  in  determining  the  potential  for  neuro¬ 
toxicity.  Fuller  and  Hemrick-Luecke  (1980)  have  shown  that  in  iprin- 
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dole-pretreated  rats  AMP  causes  a  long-lasting  depletion  of  DA  in  the 
CNS.  They  suggested  that  since  AMP  is  a  well-known  drug  of  abuse,  the 
recognition  that  a  single  dose  of  AMP  can  cause  a  long-lasting,  possibly 
neurotoxic  change  in  the  brain  may  be  of  value  in  exploring  a  neurochem¬ 
ical  basis  for  persistent  behavioral  changes  in  chronic  AMP  abusers. 
Although  the  behavioral  effects  of  chronic  low-dose  TCP  are  different 
from  the  behavioral  effects  of  chronic  high-dose  AMP,  other  similarities 
between  the  two  drugs  exist  (e.g.  neurochemical  actions,  use  on  a  con¬ 
tinuous  basis,  and  chemical  structure).  On  this  basis,  the  possibility 
of  a  neurotoxic  reaction  is  not  entirely  remote. 

(d)  Detection  of  6-Hydroxytetrahydro-B-Carboline 

The  literature  reviewed  in  Section  I.C.6  reveals  that,  at  the  pre¬ 
sent  time,  there  is  widespread  interest  in  &-carboline-related  compounds 
for  a  variety  of  reasons,  including  their  structural  similarities  to 
hallucinogenic  compounds  (harmala  alkaloids) ,  their  diverse  neurochemi¬ 
cal  properties,  and  their  possible  involvement  with  the  BZD  receptor. 
Unfortunately,  despite  the  wide  interest  in  this  group  of  compounds, 
their  mere  existence  Tn  vivo  has  been  difficult  to  prove.  Knowledge  of 
the  difficulties  encountered  in  their  analysis  has  evolved  in  the  past  5 
years  to  a  point  where  meaningful  attempts  to  detect  them  in  vivo  are 
more  feasible. 

In  light  of  this,  an  attempt  was  made  to  detect  and,  if  possible, 
quantify  THBC  and  6-OH-THBC.  These  THBCs  were  chosen  as  the  focus  of 
this  part  of  the  study  because  6— OH— THBC  and  THBC,  respectively,  are  the 
condensation  products  of  formaldehyde  with  5—HT  and  T,  two  indoles  that 
occur  naturally  in  appreciable  amounts  either  normally  (5-HT)  or  after 
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inhibition  of  MAO  (T). 

Methods  of  analyzing  THBCs  have  recently  been  published  (Barker  et 
al. ,  1981),  and  initially  attempts  were  made  to  utilize  these  proce¬ 
dures.  However,  due  to  inaccessibility  of  some  equipment  and  reagents 
(e.g.  deuterated  THBCs  for  use  as  internal  standards)  and  the  laborious 
procedures  involved  (with  the  possibility  of  concomitant  loss  of  sam¬ 
ple),  modification  and  development  of  other  methods  were  pursued. 

The  treatment  of  rats  with  TCP  and  5-hydroxytryptophan  was  chosen 
because : 

(1)  the  administration  of  an  MAOI  and  tryptophan  or  5-hydroxytryptophan 
has  been  shown  to  produce  the  so-called  5-HT  hyperactivity  syn¬ 
drome;  therefore  the  possibility  exists  that  THBCs  may  play  a  role 
in  this  syndrome;  and 

(2)  this  drug  combination  has  been  reported  to  be  an  effective  anti¬ 
depressant  treatment  (Glassman  and  Platman,  1969;  Alino  e_t  al . , 
1976). 

In  addition,  the  demonstration  of  THBC  formation  in  the  rat  would  pro¬ 
vide  preliminary  evidence  for  the  use  of  the  rat  as  a  suitable  animal 


model  for  future  studies  in  this  area. 
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II.  MATERIALS  AND  METHODS 

II. A.  Animals 

All  animals  used  throughout  these  studies  were  male  Sprague-Dawley 
rats  obtained  from  Bio  Science  Animal  Services  (Ellerslie,  Alberta). 
All  rats  weighed  between  175-250  g,  except  for  rats  used  in  the  chronic 
studies  which  weighed  approximately  300  g  at  the  end  of  21  days.  Rats 
were  housed  in  groups  of  four  (except  during  urine  collections  when  they 
were  housed  in  individual  metabolism  cages)  on  a  12-hour  light /12-hour 
dark  schedule.  The  temperature  in  the  animal  care  facility  was  kept  at 
21°  (all  temperatures  reported  are  in  degrees  centrigrade) .  Rats  were 
fed  Lab-Blox  (24%  crude  protein,  4.0%  crude  fat,  4.5%  crude  fiber;  Wayne 
Feed  Division,  Continental  Grain  Company,  Chicago,  Illinois)  ad  libi¬ 
tum.  Water  was  also  available  aH  libitum. 

II. B.  Dosing  Schedules 

1.  Acute  and  Chronic  Dosing  with  Tranylcypromine 

Rats  were  weighed  and  given  a  single  daily  intraperitoneal  (i.p.) 
injection  of  1.28  mg/kg  TCP  HC1  (equivalent  to  1  mg/kg  free  base).  The 
drug  was  dissolved  in  physiological  saline  solution.  Animals  were 
weighed  every  second  day  during  chronic  treatment.  Injections  were 
administered  at  approximately  3  p.m.  All  rats  were  sacrificed  by  cervi¬ 
cal  dislocation  1.5  hr  after  the  last  dose.  Brains  were  dissected  out 
(pineal  gland  removed)  and  immediately  placed  in  ice-cold  saline  solu¬ 
tion.  Brains  were  frozen  at  -50°  within  5  min.  On  appropriate  days, 
some  rats  were  transferred  to  metabolism  cages  for  urine  collection. 
While  in  the  metabolism  cages,  food  and  water  were  provided  ad  libitum. 
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Drug  injections  were  administered  immediately  prior  to  the  24  hr  urine 
collection  period.  Two  hundred  ul  of  2%  disodium  ethylenediaminetetra— 
acetic  acid  (EDTA)  were  added  to  the  urine  collection  vessels.  At  the 
end  of  the  24  hr  urine  collection  period,  urine  was  transferred  to  screw 
cap  vials  and  frozen  at  -50°  until  analysis. 

2.  Tranylcypromine  Isomer  Studies 

Rats  were  administered  a  single  i.p.  injection  of  1.28  mg/kg  (+)- 
or  (-)-TCP  HC1  dissolved  in  a  solution  of  physiological  saline.  Animals 
were  sacrificed  at  0.5,  1.5,  3.0,  and  6.0  hr  after  injection.  Whole 
brains  were  dissected  out  (pineal  gland  discarded),  placed  in  ice-cold 
physiological  saline  solution,  and  frozen  within  5  min.  at  -50°  until 
the  time  of  analysis.  Timing  of  injection  was  such  that  all  rats  were 
sacrificed  between  4:30-5:30  p.m. 

3.  Metabolism  Studies 

Rats  were  injected  i.p.  with  1.28  mg/kg  TCP  HC1  in  physiological 
saline  solution  and  sacrificed  1.5  hr  later;  brains  were  dissected  and 
treated  as  described  above.  Other  rats  dosed  in  a  similar  manner  were 
placed  in  metabolism  cages  for  24  hr  urine  collections.  Urines  were 
treated  as  described  previously. 

For  studies  on  the  effects  of  pretreatment  of  various  drugs  on  TCP 
metabolism,  groups  of  rats  were  injected  i.p.  with  pretreatment  drug  or 
saline  at  3:00  p.m.  All  pretreatment  drugs  were  administered  at  a  dose 
equivalent  to  35  pmoles/kg  (free  base).  At  4:00  p.m.,  these  rats  were 
injected  i.p.  with  TCP  (1  mg/kg)  or  AMP  (1  mg/kg)  and  sacrificed  1.5  hr 
later  (5:30  p.m.).  The  brains  were  quickly  dissected  out  and  frozen  at 
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-50°  until  analysis. 

4.  Tranylcypromine/5 -Hydroxy tryptophan  Combination 

Rats  were  administered  a  6.4  mg/kg  i.p.  dose  of  TCP  HC1  (equivalent 
to  5  mg/kg  free  base)  in  physiological  saline.  Thirty  minutes  later  a 
15  mg/kg  i.p.  dose  of  5-hydroxytryptophan  methyl  ester  was  admini¬ 
stered.  One  hour  later,  animals  were  sacrificed  and  brains  treated  as 
described  previously. 

Some  animals  were  also  dosed  as  above,  and  then  placed  in  metabol¬ 
ism  cages  for  urine  collection.  To  the  urine  collection  vessels,  200  pi 
of  2%  EDTA  and  200  pi  of  a  250  mg/  1  solution  of  semicarbazide  (an  alde¬ 
hyde  trapping  agent)  were  added.  After  24  hr,  urines  were  transferred 
to  screw-cap  vials  and  frozen  at  -50°  until  analysis. 

II. C.  Reagents 

A  list  of  derivatizing  reagents  used  for  gas  chromatography  and  gas 
chromatography-mass  spectrometry  is  shown  in  Table  III.  All  derivatiz¬ 
ing  reagents  were  kept  at  4°  or  below  until  use.  Derivatizing  reagents 
were  used  in  the  fume  hoods  in  all  analytical  experiments. 

A  list  of  individual  drugs  and  chemicals  used,  including  the  manu¬ 
facturer,  is  shown  in  Table  IV. 

Organic  solvents  were  glass-distilled  and  obtained  from  Caledon 
Laboratories  Ltd.  or  Fisher  Scientific  Company.  Water  was  double- 
distilled  in  a  Corning  AG-3  still.  Other  miscellaneous  solid  chemicals 
in  reagent  grade  were  obtained  from  North  American  Scientific  and  Chemi¬ 
cal  Company,  J.  T.  Baker  Chemical  Company,  or  Fisher  Scientific  Com¬ 
pany.  Acids  were  purchased  from  J.  T.  Baker  Chemical  Company  or  Fisher 


■ 


«*i  ■  sic  d sJ 


49 


Table  III.  A  list  of  derivatizing  reagents  used  for  gas  chromatography 
and  gas  chromatography-mass  spectrometry,  including 
manufacturer . 


Acetic  anhydride  (AA),  Pierce  Chemical  Co. 

Heptaf luorobutyric  anhydride  (HFBA),  Pierce  Chemical  Co. 
Heptafluorobutyrylimidazole  (HFBI),  Pierce  Chemical  Co. 
Pentaf luoropropionic  anhydride  (PFPA),  Pierce  Chemical  Co. 
Pentaf luorobenzoyl  chloride  (PFBZ) ,  Aldrich  Chemical  Co. 
Trichloroacetic  anhydride  (TCAA),  Pfaltz  and  Bauer,  Inc. 
Trif luoroacet ic  anhydride  (TFAA) ,  Sigma 
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Table  IV.  A  list  of  chemicals  and  drugs  used,  including  the  abbrevia¬ 
tion  (if  any)  and  the  manufacturer. 


(±) -Amphetamine  (AMP)  sulfate  (Smith,  Kline  and  French,  SKF) 

j>-Chlorophenylethylamine  (p-Cl-PEA),  HC1  UAFPPSa 
Chlorpromazine  HC1,  Sigma 
Dopamine  (DA)  HC1,  Sigma 

Ethylenediaminetetraacetic  acid  (EDTA),  J.  T.  Baker 

Glyoxylic  acid,  Sigma 

Iprindole  HC1,  Wyeth  Laboratories 

^-Hydroxy tranylcypromine  (p-OH-TCP)  HC1 ,  UAFFPS 

5- Hydroxytryptamine  Creatinine  Sulfate  (5-HT),  Sigma 

6- Hydroxy tetrahydro-&-carboline  HC1  UAFFPS3,  DRH^5 
3-Methyoxytyramine  (3-MT)  HC1,  Sigma 
5-Methyltryptamine  (5-MT)  HC1 ,  Sigma 

N-Methyldopamine  HC1 ,  Sigma 
Norepinephrine  (NE)  (Arterenol)  HC1 ,  Sigma 
(HPhenylethylamine  (PEA)  HC1 ,  Sigma 
Semicarbazide  HC1 ,  Sigma 
SKF  525-A,  SKF 

Trans-2-Phenylcyclopropylamine  (tranylcypromine;  TCP)  HC1 ,  Sigma 

Tranylcypromine  Isomers,  SKF 

L-Tryptophan  Methyl  Ester  HC1,  Sigma 

Trif luperazine  HC1,  SKF 

Trypt amine  (T)  HC1 ,  Sigma 


a0btained  as  free  base  from  Sigma  Chemical  Co.  and  the  HC1  salt 
synthesized  by  Dr.  Eric  Hall  and  Dr.  Ronald  Micetich,  Faculty  of 
Pharmacy  and  Pharmaceutical  Sciences,  University  of  Alberta  (UAFPPS). 

^Author 
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Scientific  Company  and  diluted  with  double-distilled  water  for  use. 

Acidic  aluminum  oxide  was  obtained  from  Terochem  Laboratories. 
Glass  fiber  filters  (25  mm)  were  purchased  from  Schleicher  and  Schuell, 
Inc.  Paper  filters  were  purchased  from  Whatman  Ltd. 

Beta-glucuronidase/ aryl  sulfatase  (Helix  pomatia)  was  obtained  from 
Calbiochem-Behring  Corporation.  Di(2-ethylhexyl) phosphate  (DEHPA)  was 
purchased  from  Sigma  Chemical  Company.  Radioactive  substrates  including 
^H-DA,  ^H-NE,  3fl-5-HT,  l^C-5-HT,  and  l^C-PEA  were  obtained  from  New 
England  Nuclear . 

All  buffers  and  scintillation  fluid  were  mixed  as  needed.  The  for¬ 
mulas  for  both  are  listed  in  Appendix  II. 

II. D.  Instrumentation 

1 .  Analysis  of  Biogenic  Amines  -  General  Considerations 

Various  analytical  methods  have  been  employed  to  detect  and  quanti¬ 
tate  biogenic  amines  in  tissues  and  body  fluids  (Baker  and  Coutts, 
1982).  These  include  biological  assays,  thin-layer  chromatography 
(TLC),  high-pressure  liquid  chromatography  (HPLC),  histochemical  meth¬ 
ods,  radioenzymatic  procedures,  gas  chromatography  (GC),  and  gas  chroma¬ 
tography/mass  spectrometry  (MS).  Each  of  these  methods  has  its  own 
inherent  advantages  and  disadvantages. 

Of  primary  concern  in  the  present  study  was  the  necessity  of  util¬ 
izing  methods  with  a  high  level  of  sensitivity  and  selectivity.  The 
requirement  for  a  method  with  a  high  degree  of  sensitivity  is  obligatory 
when  analysis  of  compounds  such  as  the  trace  amines  are  carried  out  in 
complex  biological  tissue  such  as  the  brain  or  in  urine  where  numerous 
metabolic  endproducts  are  present.  This  is  also  true  of  the  detection 
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and  quantitation  of  TCP  itself,  since  this  study  has  utilized  low  doses 
of  TCP  throughout  most  experiments.  For  these  reasons,  together  with 
the  need  for  high  selectivity,  GC  and  GC/MS  methods  were  chosen  since 
they  fulfill  both  these  requirements. 

A  GC  equipped  with  an  electron-capture  detector  (ECD)  provides  an 
instrument  capable  of  detecting  extremely  minute  quantities  (<  10  pg  on 
column)  of  materials,  providing  they  can  capture  electrons.  In  the  ECD, 
thermal  electrons  are  produced  by  collision  of  electrons  emitted  from  a 
radioactive  source  (63fti)  with  carrier  gas  molecules.  The  electrons  are 
collected  at  the  anode  of  the  detector  cell  and  produce  a  standing  cur¬ 
rent.  Electron-capturing  compounds  such  as  halogens  attract  and  combine 
with  these  electrons,  which  in  turn  results  in  reduction  of  the  standing 
current.  It  is  this  minute  reduction  in  current  which  is  actually  mea¬ 
sured  in  an  ECD.  Since  most  neurotransmitters  and  other  biogenic  amines 
normally  absorb  electrons  poorly  or  not  at  all,  they  must  be  chemically 
modified  to  produce  an  ECD-sensitive  derivative.  The  derivatives  so 
produced  also  usually  display  increased  volatility,  a  feature  that  is 
not  only  mandatory  for  use  in  GC,  but  may  also  increase  selectivity. 

The  need  for  high  sensitivity  was  also  a  factor  in  the  selection  of 
derivatizing  reagents  chosen.  For  example,  in  the  development  of  assays 
for  TCP  (Hampson  j^t  al . ,  1984a)  and  PEA  (Hampson  e_t  al . ,  1984b) ,  PFBZ 
was  the  reagent  of  choice  because  (a)  it  possesses  an  extremely  high 
capacity  to  capture  electrons  and  hence  is  one  of  the  most  ECD-sensitive 
derivatizing  agents  known  (Matin  and  Rowland,  1972;  Bock  and  Waser, 
1981);  (b)  it  is  capable  of  reacting  with  phenolic-OH  groups,  primary 
amines,  and  some  secondary  amines  under  anhydrous  or  aqueous  condi¬ 
tions.  The  ability  to  react  under  aqueous  conditions  is  particularly 
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desirable,  since  a  so-called  phase  transfer  reaction  may  be  employed  to 
extract  the  derivatized  biogenic  amines  from  aqueous  media  such  as  urine 
or  supernatants  from  tissue  homogenates;  and  finally,  (c)  PFBZ  deriva¬ 
tives  are  usually  stable  for  long  periods  of  time  when  stored  at  temper¬ 
atures  of  4°  or  lower.  Unfortunately,  PFBZ  cannot  be  used  in  all  cases; 
for  example,  some  secondary  amines  and  tertiary  amines  do  not  react  with 
PFBZ,  and  in  other  cases  the  PFBZ  derivative  may  coelute  on  GC  with 
endogenous  interfering  substances  present  in  an  extract.  In  some  of 
these  cases,  other  derivatizing  reagents  (Table  III)  have  proved  valu¬ 
able  . 

Although  a  GC  equipped  with  an  electron-capture  detector  and  a  cap¬ 
illary  column  does  provide  a  sensitive,  rapid  and  inexpensive  (relative 
to  GC-MS)  method  for  routine  analysis  of  many  amines  in  tissues  and  body 
fluids,  it  is  still  necessary  to  confirm  structures  of  all  derivatives 
by  GC-MS  when  developing  new  analytical  techniques.  In  addition,  it  has 
also  been  observed  that  even  with  the  use  of  high-resolution  capillary 
columns,  inadequate  GC  selectivity  is  encountered  in  some  instances, 
i.e.  the  derivative  of  interest  does  not  separate  on  the  GC  column  from 
an  interfering  peak.  This  may  also  occur  on  a  GC-MS  system;  however, 
interferences  would  become  apparent  in  the  mass  spectrum  of  the  peak  in 
question  and  by  careful  selection  of  fragment  ions  unique  to  the  com¬ 
pound  of  interest,  single  or  selected  ion  monitoring  (SIM)  could  be 
utilized  to  provide  a  specific  analysis.  Also,  the  choice  of  electron- 
impact  (El)  or  chemical  ionization  (Cl)  MS  gives  further  versatility  to 
a  GC-MS  system.  An  El  mass  spectrum  usually  provides  numerous  fragment 
ions  which  are  of  value  in  structural  determinations,  whereas  in  Cl -MS, 
less  fragmentation  occurs  (due  to  the  "softer”  ionization  inherent  in 
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CI-MS)  and  a  spectrum  which  contains  an  abundant  quasimolecular  (MH+) 
ion  usually  results.  An  abundant  quasimolecular  ion  is  extremely  useful 
for  the  determination  of  molecular  weight  and  for  use  in  SIM  quantita¬ 
tive  studies. 

From  the  information  presented  above,  it  is  apparent  that  GC-ECD 
and  GC-MS  are  two  techniques  which,  when  used  in  conjunction  with  each 
other,  provide  a  powerful  analytical  tool.  The  major  limiting  factor  in 
their  use  in  neurotransmitter  analysis  is  the  necessity  of  forming  a 
volatile  derivative.  Although  for  the  experiments  conducted  in  this 
study,  this  restriction  was  generally  overcome,  other  analyses,  especi¬ 
ally  those  which  involve  molecules  with  a  large  number  of  functional 
groups,  may  be  better  suited  for  other  techniques  such  as  HPLC  or  RIA, 
which  usually  do  not  require  volatile  derivatives. 

2.  Gas-Liquid  Chromatography 

All  GC  was  performed  on  one  of  the  following  instruments:  a  Hewlett 
Packard  (HP)  5880  or  an  HP  5880A  gas  chromatograph.  The  instruments 
were  equipped  with  an  Ni— 63  electron-capture  detector  and  either  a  12 
m  0V-101  or  OV-1  fused  silica  capillary  column.  Operating  conditions 
for  these  two  instruments  were:  carrier  gas  (He),  20  pounds  per  square 
inch  (p.s.i.);  make  up  gas  (argon/methane  90/10)  at  a  flow  rate  of  35 
ml/min.;  injection  port  temperature  270°;  detector  temperature  300°. 
Some  analyses  were  also  performed  on  an  HP  5830A  gas  chromatograph 
equipped  with  a  2  m  glass  column  (4  mm  i.d.)  packed  with  3%  0V-1  on  Gas 
Chrom  Q.  The  carrier  gas  was  argon/methane  (90/10)  at  a  flow  rate  of 
40-60  ml/min.  The  detector  temperature  was  300°  and  the  injection  port 
temperature  was  270°.  All  quantitations  were  based  on  peak  heights 
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using  an  internal  standard. 

3.  Mass  Spectrometry 

Electron  impact,  Cl,  and  SIM  mass  spectrometry  were  performed  on  an 
HP  5985A  quadrapole  mass  spectrometer  equipped  with  an  HP  2648A  graphics 
terminal,  HP  9876A  printer,  HP  7920  disc  drive  (software),  and  HP  21MX 
Series  E  computer  (hardware).  Inlet  mode  was  via  gas  chromatography, 
specifically  a  12  m  wide-bore  SE-54  fused  silica  column.  Standard  GC- 
MS  conditions  were  as  follows:  oven  conditions,  90°  for  0.6  min., 
increasing  at  a  rate  of  30°/min.  to  a  final  temperature  of  275°  which 
was  maintained  for  10  min.;  injection  port  temperature,  280°;  interface 
temperature,  275°;  ion  source  temperature,  200°;  column  pressure,  10 
p.s.i.;  methane  (Cl)  pressure,  3  x  10“^  Torr;  accelerating  voltage  (El), 
2200  eV;  accelerating  voltage  (Cl),  2600  eV;  ionization  voltage,  70  eV; 
scan  speed,  100  amu/sec.;  dwell  time,  200  msec,  (total  ion  scan),  500 
msec .  (SIM) . 

Data  retrieval  and  analysis  were  performed  in  the  SPEED  mode  for 
mass  scans  and  in  the  ANSWER  mode  for  SIM. 

4.  Liquid  Scintillation  Spectrometry 

All  liquid  scintillation  counting  was  performed  on  a  Beckman  LS 
7000  liquid  scintillation  system  equipped  with  a  Datamex  43  printer  ter¬ 
minal.  The  formula  for  scintillation  fluid  mixture  is  described  in 
Appendix  II. 

5.  Apparatus  for  Studies  on  Inhibition  of  Reuptake  of  Neurotransmitter 

Amines 

The  apparatus  for  the  study  of  inhibition  of  reuptake  of  tritiated 
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neurotransmitters  consisted  of  a  glass  filtration  flask  (trap)  attached 
to  a  vacuum  and  a  filtration  system  obtained  from  the  Millipore  Corpora¬ 
tion,  The  Millipore  filtration  system  consisted  of  a  20  cm  diameter 
tank,  a  cover  with  12  spaces  for  glass  fiber  filters,  and  a  head  with 
screw-on  compression  nut.  All  components  are  made  of  plastic. 

6.  Apparatus  for  the  Study  of  Release  of  Neurotransmitter  Amines 

The  apparatus  for  the  study  of  the  release  of  neurotransmitters 
from  nerve  terminals  was  modeled  after  that  of  Raiteri  £t  al.  (1974). 
The  basic  set-up  is  described  in  Figure  5.  In  addition  a  Gilson  Mini¬ 
plus  2  peristalic  pump  and  a  LKB  7000  Ultrorac  fraction  collector  were 
employed . 

7.  Balances 

All  qualitative  and  quantitative  analyses  were  done  by  intially 
weighing  standards  to  the  nearest  0.1  mg  on  a  Sartorius  2003  MP1  scale. 

8.  Centrifugation 

Centrifugation  that  was  not  done  on  a  bench  top  centrifuge  was  car¬ 
ried  out  on  a  DAMON  IEC  B-20A  centrifuge,  with  the  head  temperature  kept 
at  approximately  0°. 

9.  Miscellaneous  Equipment 

A  Mclllwain  tissue  chopper  was  used  to  make  neuronal  prisms  from 
hypothalamic  and  striatal  tissue  for  release  and  inhibition  of  reuptake 
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Superfusion  Chamber 
with  Thermostatic  Jacket 


Glass  Fiber  Filter 


Tubing  to  Peristaltic 
Pump 


Figure  5.  An  individual  chamber  of  the  apparatus  used  to  study 
the  release  of  tritiated  neurotransmitters  is  shown 
above.  The  system  is  modelled  after  that  used  by 
Raiteri  et  al.  (1974).  Six  of  these  individual  glass 
chambers  are  arranged  side  by  side.  The  thermostatic 
jacket  is  perfused  with  water  maintained  at  37°.  The 
bottom  section,  onto  which  the  glass  fiber  filter  is 
placed,  is  removable.  Tubing  from  the  bottom  of  the 
filter  holders  is  connected  to  a  peristaltic  pump 
which  dispenses  eluate  into  vials  on  a  fraction  col¬ 
lector  . 
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II. E.  Drug  Synthesis 

1 .  6-Hydroxytetrahydro-B-Carboline 

The  synthesis  of  6-OH-THBC  was  performed  by  the  author  using  the 
method  of  Ho  and  Walker  (1971).  Briefly,  2.5  mmoles  of  5-HT  were  dis¬ 
solved  in  8  ml  of  water  at  45°.  After  cooling,  2.8  mmoles  of  glyoxylic 
acid  in  0.6  ml  of  water  were  added,  followed  by  the  slow  addition  of  2.5 
mmoles  of  KOH  in  0.7  ml  of  water.  Precipitation  of  tetrahydro-B-carbo- 
line-l-carboxylic  acid  took  place  during  the  addition  of  the  KOH  solu¬ 
tion.  After  stirring  at  ambient  temperature  for  1  hr,  the  solid  was 
collected  on  a  filter  and  washed  thoroughly  with  2  ml  of  water.  The 
damp  filter  cake  was  transferred  to  a  beaker  and  suspended  in  4.8  ml  of 
water,  and  0.7  ml  of  concentrated  HC1  was  slowly  added  with  stirring. 
The  mixture  was  boiled  on  a  hot  plate  for  30  min.  and  then  an  additional 
0.7  ml  of  concentrated  acid  was  added.  Heating  was  continued  for  ano¬ 
ther  15  min.  and  the  resulting  solution  was  cooled  to  room  temperature. 

The  preciptated  HC1  salt  was  collected  and  recrystallized  in  eth¬ 
anol.  The  structure  was  confirmed  by  nuclear  magnetic  resonance  (nmr) 
spectrometry  and  mass  spectrometry.  The  nmr  spectrum  and  melting  point 
were  in  agreement  with  literature  values  (m.p.  272-275°)  (Ho  and  Walker, 
1971). 

2 .  Para-Hydroxy tranylcypromine 

Synthesis  of  £-0H-TCP  by  Drs.  Tse  W.  Hall  and  Ronald  Micetich 
(Faculty  of  Pharmacy  and  Pharmaceutical  Sciences,  University  of  Alberta) 
was  performed  by  the  following  method:  j>-methoxycinnamic  acid  was  con¬ 
verted  into  the  corresponding  acid  chloride  by  reacting  with  thionyl 
chloride  in  refluxing  benezene.  The  acid  chloride  was  converted  to  the 
tert-butyl  ester  by  reacting  with  an  excess  of  dry  tert-butanol  in  the 
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presence  of  pyridine  as  base  and  catalytic  amounts  of  4-dimethylamino- 
pyridine.  Cyclopropanation  of  the  tert-butyl  j)-methoxycinnamate  was 
performed  by  using  trimethylsulf onium  iodide  and  sodium  hydride  in 
dimethyl  sulfoxide  (Kaiser  et^  al. ,  1965).  The  tert-butyl  ester  moiety 
was  cleaved  with  trif luoroacetic  acid  to  provide  the  cyclopropyl  acid. 
The  acid  was  again  converted  to  the  acid  chloride  and  stirred  with  aque¬ 
ous  sodium  azide  in  the  presence  of  tetrabutylammonium  chloride.  In 
this  way  the  acid  chloride  was  smoothly  transformed  into  the  correspond¬ 
ing  acyl  azide.  The  acyl  azide  was  then  converted  into  the  tert-butyl 
carbamate  by  heating  with  tert-butanol  in  benzene.  The  cleavage  of  the 
methoxy  and  tert-butyl  carbamate  groups  was  achieved  by  reacting  with 
boron  tribromide  in  methylene  chloride  at  room  temperature.  After 
quenching  with  water,  the  aqueous  layer  was  basified  and  the  j>-OH-TCP 
was  extracted  into  CHCI3  containing  20%  di(2-ethylhexyl) phosphoric  acid 
(DEHPA).  Subsequently,  it  was  converted  to  the  hydrochloride  salt  by 
extracting  with  diluted  HC1.  Verification  of  the  structure  was  con¬ 
firmed  by  nmr ,  EI-MS ,  and  CI-MS. 

II. F.  Drug  and  Drug  Metabolites  Analyses 

1 .  Tranylcypromine,  Tranylcypromine  Isomers,  and  Amphetamine 

The  procedure  used  for  the  analysis  of  TCP,  TCP  isomers,  and  AMP  in 
rat  brain  was  that  of  Hampson  et^  al .  (1984a).  Brains  were  weighed  and 
homogenized  in  5  volumes  of  ice-cold  0.1  N  HCIO4  containing  10  mg  % 
EDTA.  Homogenates  were  transferred  to  cold  centrifuge  tubes  and  centri¬ 
fuged  at  10,000  rpm  (12,000  x  g)  for  15  min.  Four  ml  of  the  supernatant 
was  taken  for  analysis.  The  supernatants  were  kept  on  ice  and  500  ng  of 
the  internal  standard  para-chlorophenylethylamine  (j^-Cl-PEA)  were  added 
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to  each.  The  supernatants  were  neutralized  with  solid  KHCO3  and  shaken 
with  5  ml  of  DEHPA  (2.5%  v/v  in  CHCI3),  and  the  mixture  was  centrifuged 
on  a  bench-top  centrifuge  for  5  min.  The  retained  bottom  layers  were 
shaken  with  0.5  N  HC1  (3  ml)  for  4  min.  After  centrifugation,  the  top 
aqueous  layers  were  basified  with  6olid  NaHC03  prior  to  the  addition  of 
0.3  ml  of  acetic  anhydride  (AA).  After  acetylation  was  complete  (cessa¬ 
tion  of  CO2  formation)  the  solutions  were  extracted  with  4  ml  of  ethyl 
acetate.  The  organic  layers  were  taken  to  dryness  under  a  stream  of  N2 
and  the  residues  reacted  with  pentaf luorobenzoyl  chloride  (PFBZ)  (2  pi 
in  300  p  1  of  toluene)  for  60  min.  at  80°.  After  cooling,  the  mixtures 
were  taken  to  dryness  under  a  stream  of  N2  and  300  pi  of  toluene  added. 
An  aliquot  of  this  was  taken  for  GC  analysis.  If  samples  appeared 
"dirty,”  additional  clean-up  could  be  accomplished  by  washing  the  final 
toluene  extract  with  an  equal  volume  of  1  N  NH4OH  (in  microfuge  tubes). 

2.  (a)  Para-Hydroxytranylcypromine  in  Urine 

Para-hydroxytranylcypromine  in  urine  was  analyzed  by  the  following 
method:  urines  were  centrifuged  on  a  bench-top  centrifuge  for  5  min. 
Aliquots  of  the  supernatants  (2.5  ml)  were  transferred  to  test  tubes 
containing  2  pg  of  the  internal  standard  nomifensine,  and  solid  KHCO3 
was  added  until  the  pH  was  7. 8-8.0.  After  separation  from  the  precipi¬ 
tate,  the  supernatants  were  shaken  with  3  ml  of  a  solution  of  DEHPA 
(2.5%  v/v  in  CHCI3 )  for  5  min.,  the  mixtures  were  centrifuged,  and  the 
top  layers  were  aspirated  off.  The  bottom  layers  were  extracted  with  2 
ml  of  0.5  N  HC1  •  The  HC1  layers  were  basified  with  solid  Na2C03  and 
then  extracted  with  solutions  (3  ml)  of  ethyl  acetate— acetonitrile  (9:1) 
containing  2  p 1/ml  of  PFBZ.  After  separation  of  the  layers  by  centri- 
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fugation,  the  organic  layers  were  taken  to  dryness  under  N2  and  the  res¬ 
idues  taken  up  in  300  p  1  of  toluene.  One  pi  was  taken  for  analysis  by 
GLC  or  GC-MS.  If  additional  clean-up  was  required,  the  final  toluene 
extracts  were  shaken  with  an  equal  volume  of  1.0  N  NH4OH  in  microfuge 
tubes . 

(b)  Para-Hydroxytranylcypromine  in  Brain 

A  procedure  for  the  analysis  of  para- tyr amine  (Baker  et_  al. ,  1982) 
was  used  to  analyze  p-OH-TCP  in  brain  tissue.  Briefly,  brain  tissue  was 
homogenized  in  5  volumes  of  ice-cold  0.1  N  HCIO4  containing  10  mg  % 
EDTA.  The  homogenates  were  centrifuged  (12,000  x  g)  for  15  min.  Four 
ml  of  the  supernatant  were  taken  for  analysis.  Benzylamine  (500  ng)  was 
added  to  each  supernatant  as  internal  standard.  The  pH  was  adjusted  to 
7.8  with  excess  solid  KHCO3  and  400  pi  of  sodium  phosphate  buffer  (0.25 
M;  pH  7.8).  This  mixture  was  shaken  with  5.0  ml  of  a  solution  of  DEHPA 
(2.5%  v/v  in  CHCI3)  and  the  top  layers  aspirated  off.  To  the  bottom 
layers,  HC1  (0.5  N,  2.5  ml)  was  added.  The  tubes  were  shaken  and  the 
top  HC1  layers  were  removed  and  neutralized  with  NaHC03.  Acetic  anhy¬ 
dride  (300  pi)  was  added  with  additional  NaHC03  and  the  acetylation 
allowed  to  proceed  for  20  min.  The  acetylated  amines  were  then  ex¬ 
tracted  with  ethyl  acetate  (3  ml).  To  the  ethyl  acetate  phases,  NH4OH 
(10  N,  400  pi)  was  added  and  the  mixtures  were  shaken  for  40  min.,  after 
which  HC1  (6  N,  300  pi)  was  added  and  shaken  for  an  additional  15  sec. 
The  organic  layers  were  removed  and  evaporated  to  dryness  under  N2. 
Ethyl  acetate  (25  pi)  and  trifluoroacetic  anhydride  (TFAA)  (75  pi)  were 
added  to  the  residues  and  the  reaction  was  allowed  to  proceed  at  room 
temperature  for  30  min.  Cyclohexane  (300  pi)  and  saturated  aqueous  sod— 
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ium  tetraborate  (3.0  ml)  were  added  and  the  mixtures  were  shaken  for  13 
sec.  The  organic  layers  were  removed  and  1  y 1  was  taken  for  GC  or  GC-MS 
analysis . 

3.  Analysis  of  6-Hydroxytetrahydro-  ft-Carboline 

The  analysis  of  6-OH-THBC  in  rat  urine  involved  a  two-step  extrac- 
tion-derivatization  process.  Initially,  the  urine  samples  were  centri¬ 
fuged  on  a  benchtop  centrifuge  for  5  min.  Two  ml  of  each  urine  super¬ 
natant  were  then  incubated  with  660  y  1  of  1.0  N  sodium  acetate  (pH  =  6), 
330  yl  of  2%  EDTA,  and  66  y  1  of  glusalase  for  24  hrs  at  37°.  After  the 
incubation  period,  500  ng  of  the  internal  standard  5-methyltryptamine 
(5-MT)  were  added  to  each  urine  sample.  Solid  Na2C03  and  3  ml  of  a  sol¬ 
ution  containing  2  yl/ml  of  PFBZ  in  ethyl  acetate : acetonitrile  (9:1) 
were  added.  After  agitating  the  mixtures  for  8  min.,  the  organic  layers 
were  separated,  washed  with  1  ml  of  water,  and  evaporated  under  a  stream 
of  N2-  The  residues  were  taken  up  in  300  yl  of  toluene,  washed  rapidly 
with  300  y  1  of  a  1  N  NH4OH  solution  and  taken  to  dryness.  These  resi¬ 
dues  were  then  reacted  with  75  y  1  of  pentaf  luoropropionic  anhydride 
(PFPA)  and  25  y  1  of  ethyl  acetate  for  30  min.  at  60°.  Excess  PFPA  was 
removed  under  a  stream  of  N2,  the  residues  were  redissolved  in  200  yl  of 
toluene,  and  aliquots  were  taken  for  analysis  by  GLC  or  GLC-MS  on  a 
fused  silica  capillary  column. 

II. G.  Analysis  of  Biogenic  Amines 
1 .  Determination  of  Amines  in  Brain  Tissue 
(a)  5-Hydroxytryptamine  and  Tryptamine 

A  modification  of  the  procedure  of  Baker  et^  al.  (1980)  was 
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employed.  Frozen  brains  were  thawed  and  homogenized  in  3  volumes  of 
ice-cold  0.1  N  HCIO4  containing  10  mg  %  EDTA.  The  homogenates  were  cen¬ 
trifuged  at  12,000  x  g  at  0°  for  15  min.  Five  hundred  ng  of  the  inter¬ 
nal  standard  5-methoxytryptamine  (5-MT)  were  added  to  the  supernatants 
(3  ml),  which  were  then  neutralized  with  solid  KHCO3  and  centrifuged  to 
remove  the  KCIO4  precipitate.  Sodium  phosphate  buffer  (0.25  N,  pH  7.8, 
400  pi)  and  the  liquid  ion-pairing  reagent  DEHPA  (2.5%  v/v  in  CHCI3,  4 
ml)  were  added.  The  mixtures  were  shaken  for  5  min.,  and  the  layers 
were  separated  in  a  bench-top  centrifuge.  The  top  layers  were  aspirated 
off  and  the  bottom  layers  transferred  to  clean  test  tubes  containing  2.5 
ml  of  0.5  N  HC1.  These  mixtures  were  then  shaken  for  5  min.  and  the 
layers  separated  by  centrifugation.  The  HC1  layers  were  transferred  to 
new  tubes  and  neutralized  with  solid  NaHC03»  Acetylation  was  carried 
out  by  adding  300  p  1  of  AA  and  additional  NaHC03  until  the  reaction  was 
complete  (effervescence  ceases).  The  aqueous  layers  were  transferred  to 
clean  test  tubes  and  4  ml  of  ethyl  acetate  were  added;  the  mixtures  were 
shaken  for  5  min.  and  the  layers  separated  by  centrifugation.  The  ethyl 
acetate  layers  were  washed  with  500  pi  of  water  (to  remove  traces  of 
NaHC03  and  CH3C00Na)  and  then  taken  to  dryness  under  a  stream  of  N2. 
The  residues  were  reacted  with  75  p  1  of  PFPA  and  25  pi  of  ethyl  acetate 
at  60°  for  30  min.  These  mixtures  were  cooled  at  room  temperature  and 
300  p 1  of  cyclohexane  were  added  with  shaking.  Saturated  sodium  borate 
solution  (3  ml)  was  added,  and  the  mixtures  were  shaken  for  30  sec.  and 
centrifuged  rapidly.  The  cyclohexane  layers  were  retained  and  frozen 
until  analysis  on  GC  or  GC-MS.  On-column  sensitivity  was  less  than  10 
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( b)  Dopamine 

Frozen  rat  whole  brains  were  thawed  and  homogenized  in  5  volumes  of 
ice-cold  0.1  N  HCIO4  containing  10  mg  %  EDTA.  The  homogenates  were  cen¬ 
trifuged  at  12,000  x  g  for  15  min.  and  3.5  ml  of  the  supernatant  were 
transferred  to  13  ml  screw-top  test  tubes.  A  solution  of  sodium  metabi¬ 
sulfite  (10  mg/ml,  35  yl)  and  500  ng  of  the  internal  standard  N-methyl- 
dopamine  were  added  to  the  tubes.  Solid  KHCO3  was  added  until  the  pH 
was  8.0-8. 2.  The  tubes  were  centrifuged  on  a  bench-top  centrifuge  and 
the  supernatants  transferred  to  another  set  of  tubes  containing  100  mg 
of  acidic  aluminum  oxide.  The  tubes  were  shaken  for  5  min.  and  centri¬ 
fuged  again.  The  supernatants  were  aspirated  off  and  300  yl  of  IN  HC1 
was  added  to  each  tube  and  the  tubes  were  shaken  for  an  additional  5 
min.  The  tubes  were  centrifuged  again  and  the  HC1  phases  were  trans¬ 
ferred  to  new  test  tubes  and  taken  to  dryness  under  N£«  The  residues 
were  reacted  with  75  pi  of  PFPA  and  25  pi  of  ethyl  acetate  at  60°  for  30 
min.  After  cooling,  the  mixtures  were  taken  to  dryness  under  N£. 
Toluene  (200  pi)  was  added  and  the  mixtures  were  vortexed  for  1  min.  and 
quickly  centrifuged.  A  1  pi  portion  of  the  top  organic  phase  was  taken 
for  GC  analysis.  Test  tubes  were  kept  on  ice  at  all  times,  until  deri- 
vatization  with  PFPA.  On-column  sensitivity  was  less  than  50  pg. 

( c)  g-Phenylethylamine 

Phenylethyl amine  in  brain  tissue  was  analyzed  using  the  method  of 
Hampson  et  al.  (1984b).  Brains  were  homogenized  in  5  volumes  of  ice- 
cold  0.1  N  HCIO4  and  centrifuged  at  12,000  x  g  for  15  min.  Three  hun¬ 
dred  ng  of  the  internal  standard  £-Cl-PEA  were  added  to  the  supernatants 
(4  ml),  which  were  then  neutralized  with  solid  KHCO3  and  the  precipi- 
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tateB  discarded.  The  supernatants  were  shaken  with  DEHPA  (2.52  v/v  in 
CHCI3,  4  ml)  for  5  min.  and  centrifuged.  The  top  aqueous  layers  were 
aspirated  off,  3  ml  of  0.5  N  HC1  were  added,  and  the  tubes  were  shaken 
for  4  min.  After  centrifugation  on  a  bench-top  centrifuge,  the  top  lay¬ 
ers  were  removed  and  neutralized  with  solid  NaHC03.  Acetic  anhydride 
(0.3  ml)  was  added  along  with  continuous  addition  of  NaHC03  until  the 
reaction  was  complete  (Martin  and  Baker,  1977).  Acetylated  PEA  was 
extracted  with  4  ml  of  ethyl  acetate,  and  the  organic  layers  were  washed 
with  0.5  ml  of  water  and  taken  to  dryness  under  N2.  The  residues  were 
reacted  with  PFBZ  (2  pi  In  300  yl  of  toluene)  for  60  min.  at  80°.  After 
cooling,  the  mixtures  were  taken  to  dryness  under  N2  and  the  residues 
redissolved  in  300  pi  of  cyclohexane.  One  pi  of  this  final  extract  was 
taken  for  GC  or  GC-MS  analysis.  Standard  curves  were  constructed  for 
each  run.  On-column  sensitivity  was  less  than  5  pg. 

2.  Amine  Determinations  in  Urine 

(a)  Analysis  of  5-Hydroxytryptamlne  and  Tryptamine  in  Urine 

The  pH  of  the  urine  samples  (4  ml)  was  adjusted  to  7.8  by  the  addi¬ 
tion  of  solid  KHCO3.  The  precipitates  were  separated  by  centrifugation 
and  discarded.  After  the  addition  of  500  ng  of  the  internal  standard 
5-MT,  sodium  phosphate  buffer  (0.25  M,  pH  7.8,  400  pi),  and  DEHPA  (2.5% 
v/v  in  CHCI3,  5  ml)  to  the  supernatants,  the  mixtures  were  shaken  for  4 
min.  The  layers  were  separated  on  a  bench-top  centrifuge  and  the  top 
aqueous  layers  aspirated  off.  The  bottom  layers  were  transferred  to  ano¬ 
ther  set  of  tubes  containing  2.5  ml  of  0.5  N  HC1  and  mixed  for  5  min. 
The  layers  were  separated  and  the  HC1  layers  removed  and  neutralized 
with  solid  NaHC03 .  After  acetylation  with  AA  (300  pl),  the  solutions 
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were  extracted  with  4  ml  of  ethyl  acetate.  The  organic  layers  were 
removed  and  washed  with  800  p  1  of  water.  The  ethyl  acetate  layers  were 
transferred  to  another  set  of  tubes  and  taken  to  dryness  under  N2.  The 
resulting  residues  were  reacted  with  75  pi  1  of  PFPA  and  25  ul  of  ethyl 
acetate  for  30  min.  at  60°.  After  cooling,  the  derivatization  mixtures 
were  taken  to  dryness  under  N2  and  the  residues  redissolved  in  300  pi  of 
cyclohexane.  The  cyclohexane  was  quickly  washed  with  3  ml  of  a  satur¬ 
ated  sodium  borate  solution.  An  aliquot  (1  pi)  was  taken  for  GC  analy¬ 
sis  . 

(b)  Analysis  of  3-Methoxytyramine  and  Phenylethylamine  in  Urine 

The  procedures  described  by  Coutts  ejt  al.  (1981)  and  Baker  et  al. 

(1981)  were  used.  The  pH  values  of  the  urine  samples  (4  ml)  were 

adjusted  to  7.8  by  adding  solid  KHCO3.  The  precipitates  were  separated 

by  centrifugation  and  discarded.  Sodium  phosphate  buffer  (0.25  M,  pH 
7.8,  400  pi),  1000  ng  of  the  internal  standard  benzylamine,  and  DEHPA 

(2.5%  v/v  in  CHCI3,  5  ml)  were  added  to  the  supernatants  and  shaken  for 
5  min.  After  centrifugation,  the  top  aqueous  layers  were  aspirated  off 
and  2.5  ml  of  0.5  N  HC1  were  added  to  the  organic  layer.  The  mixtures 
were  shaken  for  4  min.  and  centrifuged.  The  top  layers  were  transferred 
to  other  tubes  and  neutralized  with  solid  NaHC03.  Acetylation  was  per¬ 
formed  by  the  addition  of  AA  (300  pi)  and  the  continuous  addition  of 
NaHC03  until  the  reaction  was  complete.  The  acetylated  amines  were 
shaken  with  4  ml  of  ethyl  acetate  and  the  organic  layers  were  trans¬ 
ferred  to  another  set  of  tubes.  Hydrolysis  of  acetylated  phenol  groups 
was  carried  out  by  the  addition  of  400  pi  of  10  N  NH4OH  (agitation  for 
40  min.)  (Coutts  et  al.,  1980).  The  NH4OH  was  neutralized  with  660  pi 
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of  6  N  HC1 .  The  ethyl  acetate  layers  were  removed  to  another  set  of 
tubes  and  taken  to  dryness  under  N£.  The  residues  were  reacted  with  75 
yl  of  TFAA  and  25  wl  of  ethyl  acetate  for  30  min.  at  room  temperature. 
After  the  addition  of  300  pi  of  cyclohexane,  the  mixture  was  vortexed; 
saturated  sodium  borate  (3  ml)  was  added  and  the  tubes  quickly  shaken 
and  centrifuged.  The  layers  were  separated  and  an  aliquot  (1  pi)  was 
taken  for  GC  analysis.  On-column  sensitivity  was  less  than  10  pg. 

II. H.  MAO  Assays 

MAO  assays  were  performed  on  two  types  of  tissue.  In  some  experi¬ 
ments,  brain  tissue  from  rats  pretreated  with  TCP  (or  its  isomers)  was 
used.  In  other  experiments  (termed  Jji  vitro  experiments  here)  known 
amounts  of  drugs  were  added  to  tissue  homogenates  prepared  from  the 
brains  of  control,  untreated  rats. 

Rat  brains  were  homogenized  in  25  volumes  of  ice-cold  isotonic  KC1 
and  kept  on  ice.  Solutions  of  a  mixture  of  labelled  and  unlabelled  sub¬ 
strates  were  prepared  such  that  the  final  concentration  of  each  sub¬ 
strate  was  35  pM  in  the  incubation  tubes.  Sodium  phosphate  buffer  (0.5 
M,  pH  7. A,  250  p 1)  was  added  to  the  appropriate  tubes  and  placed  on  ice. 
For  in  vitro  assays,  the  test  drugs  were  added  at  this  time.  Isotonic 
KC1  (25  pi)  was  added  to  blanks  and  25  pi  of  the  brain  tissue  homogenate 
were  added  to  all  other  tubes.  (For  _in  vitro  assays,  the  drugs  were  in¬ 
cubated  with  the  tissue  in  the  tubes  at  this  stage  for  10  min.  at  37°). 

Aliquots  (25  pi)  of  either  the  C^-5-HT  or  C^-PEA  substrate  mix 
were  added  to  all  tubes;  the  tubes  were  then  incubated  in  a  water  bath 
for  20  min.  at  37°.  The  tubes  were  cooled  to  room  temperature  and  200 
pi  of  2  N  HC1  were  added  to  each  to  stop  the  reaction.  Toluene  (6  ml) 
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was  added,  the  mixture  was  vortexed ,  and  the  tubes  were  placed  in  the 
freezer  at  -50°  until  the  aqueous  layer  was  frozen.  The  toluene  was  de¬ 
canted  into  scintillation  vials  containing  9  ml  of  scintillation  fluid, 
and  the  radioactivity  was  counted  in  a  liquid  scintillation  counter. 

II. I.  Determination  of  the  Release  of  Tritlated  Neurotransmitter  Amines 
from  Brain  Tissue 

Rats  were  sacrificed  by  cervical  fracture,  and  the  brains  were 
removed  and  placed  on  an  ice-cold  plate.  Either  the  corpus  striatum 
(for  determination  of  release  of  DA  or  5-HT)  or  the  hypothalamus  (for 
determination  of  release  of  NE)  was  then  dissected  out.  The  tissues 
were  chopped  into  prisms  (0.1  x  0.1  x  2  mm)  on  a  Mcllwain  tissue  chopper 
and  dispersed  in  ice-cold  incubation  medium  of  the  following  composi¬ 
tion:  123  mM  NaCl,  5  mM  KC1 ,  2.7  mM  CaCl2,  1.2  mM  MgSO^,  10  mM  glucose, 
1  mM  ascorbic  acid,  12.5  yM  nialamide,  and  20  mM  Tris-HCl  buffer,  pH 
7.4.  The  tissues  were  further  diluted  with  medium  to  give  a  concentra¬ 
tion  in  the  flasks  of  5  mg/5  ml.  The  flasks  were  pre-incubated  for  10 
min.  at  37°,  at  which  time  the  radiolabelled  neurotransmitter  was  added 
(final  concentration:  0.02  yM). 

The  samples  were  incubated  again  for  7  min.  and  then  poured  onto 
Millipore  filters  in  thermostatically  jacketed  superfusion  chambers 
(Figure  5).  After  washing  the  tissues  on  the  filters  with  medium  (2x5 
ml)  at  37°,  release  was  investigated  using  the  superfusion  method  of 
Raiteri  ejt  al.  (1975).  This  consisted  of  attaching  the  bottom  stems  of 
the  chamber  to  a  peristalic  pump,  superfusing  the  tissue  with  0.5 
ml /min.  of  incubation  mix  containing  drug  solutions  or  incubation  mix 
alone  (controls),  and  collecting  the  superfusates  in  successive  1  min 
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fractions.  Superfusion  and  collection  of  1  min.  fractions  were  carried 
out  for  a  further  10  min.  At  the  end  of  the  superfusion  period,  the 
percentage  of  radioactivity  in  each  fraction  and  that  remaining  on  the 
filter  was  counted.  The  radioactivity  in  each  fraction  was  then 
expressed  as  a  percentage  of  the  total  radioactivity  (fractions  plus 
filter).  The  per  cent  in  the  first  five  fractions  was  summed  in  the 
controls  and  in  the  sample  fractions,  and  the  samples  were  expressed  a6 
per  cent  of  control. 

II. J.  Determination  of  the  Inhibition  of  Reuptake  of  Tritiated  Neuro- 
transmitters  from  Brain  Tissue 

The  tissue  homogenates  were  prepared  as  in  section  II. I  to  give  a 
final  concentration  of  5  mg  tissue/ml  of  incubation  mix.  The  homogen¬ 
ates  were  made  from  tissue  dissected  from  corpus  striatum  for  DA  and 
5-HT  experiments  and  from  hypothalamus  for  NE  experiments. 

The  tissue  homogenates  (1  ml)  were  added  to  25  ml  flasks  containing 
4  ml  of  incubation  mix.  Flasks  containing  5  ml  of  incubation  mix  were 
used  as  blanks.  The  flasks  were  incubated  in  a  water  bath  for  10  min. 
at  37°.  The  drug  solutions  were  then  added  to  the  appropriate  flasks, 
followed  by  the  addition  of  the  radiolabelled  substrate  mixture  (final 
concentration  0.02  y  M) .  The  flasks  were  incubated  for  7  min.  at  37°, 
after  which  the  contents  of  each  were  placed  into  the  receptacle  well  of 
the  Millipore  filtration  apparatus  with  the  vacuum  on.  Each  flask  was 
rinsed  twice  with  5  ml  of  warm  (37°)  incubation  mix  and  the  rinses 
poured  through  the  filtration  apparatus.  The  glass  fiber  filters  were 
removed  and  placed  into  10  ml  of  scintillation  fluid  and  counted  in  a 
liquid  scintillation  counter. 
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The  blanks  were  subtracted  from  all  samples,  and  then  the  drug- 
treated  samples  were  expressed  as  a  per  cent  of  control  averages.  These 
values  were  subtracted  from  100  to  express  data  as  per  cent  uptake  inhi¬ 
bition. 


II. K.  Statistical  Analysis 

All  statistical  analysis  was  performed  on  a  Texas  Instrument  TI 
Programable  58C  calculator.  Procedures  for  statistical  analysis  are 
presented  in  Appendix  I.  Error  bars  in  all  figures  represent  the  stand¬ 
ard  error  of  the  mean. 
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III.  RESULTS 

III. A.  Acute  and  Chronic  Treatment  with  Tranylcypromine 

1.  Animal  Weights 

Certain  groups  of  animals  in  the  chronic  studies  were  weighed 
before,  during,  and  after  a  21-day  dosing  period.  The  results  are  pre¬ 
sented  in  Table  V.  Statistical  analysis  (t-test,  p  <  0.05;  see  Appendix 
I)  revealed  that  the  control  (saline-treated)  group  did  not  differ  from 
the  TCP-treated  group  at  the  beginning  of  the  dosing  regimen  nor  at  the 
end  of  the  dosing  regimen  (21  days).  However,  the  difference  scores, 
that  is,  the  weight  each  rat  gained  over  the  21-day  dosing  period,  did 
differ.  The  TCP-treated  group  gained  significantly  less  than  the  con¬ 
trol  group  (p  <  0.01).  This  is  consistent  with  the  anorexic  effect  of 
TCP  and  other  MAOIs  reported  by  others  (Willis  and  Smith,  1982). 

2.  Levels  of  Tranylcypromine  in  the  Brain 

An  extremely  sensitive  and  reproducible  method  for  the  analysis  of 
TCP  in  brain  tissue  was  successfully  developed  (Hampson  et  al»,  1984a). 
This  method  could  also  be  adapted  for  the  analysis  of  PEA  (Hampson  et 
al . ,  1984b)  and  AMP.  Initial  attempts  to  develop  a  TCP  assay  using  a 
phase-transf er  reaction  with  PFBZ  were  unsuccessful  due  to  an  endogenous 
interfering  peak  in  the  chromatogram.  Aqueous  acetylation  followed  by 
extraction  and  derivatization  with  PFBZ  eliminated  this  problem. 

The  limits  of  detection  of  this  method  were  approximately  0.75  ng/g 
brain  tissue  for  both  TCP  and  PEA.  The  advantages  of  this  method  over  a 
previously  developed  method  (Calverley  et_  al. ,  1981)  were  lower  limits 
of  detection  and  applicability  to  the  analysis  of  AMP.  In  addition,  the 
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Table  V.  Comparison  of  rat  weights  and  weight  gains  in  rats  treated 
chronically  with  saline  or  tranylcypromine  for  21  days. 
Weights  and  weight  gains  are  in  grams.  See  Results,  section 
III.A.l  for  further  details. 


Saline 

-Treated 

Tranylcypromine-Treated 

Rat 

Weight 

Rat 

Weight 

A 

211 

F 

209 

B 

220 

G 

230 

DAY  1 

C 

224 

H 

216 

D 

216 

I 

217 

E 

215 

J 

218 

x  =  217.2 

x  =  218.0 

A 

308 

F 

301 

B 

325 

G 

323 

DAY  21  C 

328 

H 

301 

D 

308 

I 

298 

E 

318 

J 

308 

x  =  317.4 

x  =  306.2 

A 

97 

F 

92 

Weight 

B 

105 

G 

93 

Gain 

C 

104 

H 

83 

D 

93 

I 

82 

E 

102 

J 

91 

x  =  100.2 

x  =  88.2 

aSignif icantly  different  from  control  p  <  0.01 
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derivatives  were  stable  at  5°  for  at  least  two  months.  The  acetylated, 
pentaf luorobenzoylated  derivatives  of  TCP,  PEA,  and  AMP  all  gave  charac¬ 
teristic  diagnostic  ions  when  subjected  to  El  mass  spectrometry  (Figures 
6-8)  and  Cl  mass  spectrometry  (Figures  9-11).  When  j>-Cl-PEA  was  used  as 
internal  standard,  TCP  and  PEA  could  be  assayed  simultaneously.  A  gas 
chromatogram  of  a  brain  sample  from  a  rat  dosed  with  1  mg/kg  of  TCP  is 
shown  in  Figure  12. 

The  levels  of  TCP  in  rat  whole  brain  tissue  after  treatment  for  1, 
10,  21,  and  42  days  are  shown  in  Figure  13.  Levels  of  TCP  continued  to 
increase  throughout  the  42-day  dosing  period,  although  after  21  days  the 
increases  were  much  less  than  those  observed  during  the  first  21  days, 
during  which  time  the  TCP  level  doubled  from  the  initial  dose.  At  each 
successive  time  interval,  TCP  levels  differed  significantly  from  the 
immediately  previous  time  interval  (t-test,  p  <  0.05),  except  between  21 
and  42  days. 

3.  Inhibition  of  Monoamine  Oxidase  after  Acute  and  Chronic  Treatment 
with  Tranylcypromine 

During  the  time  intervals  mentioned  in  the  above  sections,  the 
extent  of  inhibition  of  MAO  in  the  brain  was  also  measured.  The  results 
are  presented  i r»  Table  VI.  A  single  injection  of  1  mg/kg  of  TCP  caused 
86.8%  and  86.9%  inhibition  of  MAO-A  and  MAO-B  respectively.  There  was 
no  significant  difference  in  the  extent  of  inhibition  of  MAO-A  versus 
MAO-B  at  any  time  interval  throughout  the  study,  that  is,  there  was  no 
selectivity.  Monoamine  oxidase  inhibition  continued  to  increase  slight¬ 
ly  throughout  the  42-day  period.  By  day  21,  MAO-A  was  significantly 
more  inhibited  than  after  a  single  dose.  For  MAO-B,  42  days  were 
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Figure  6.  Fragmentation  pattern  of  the  electron-impact  mass 
spectrum  of  derivatized  tranylcypromine.  Numbers 
in  parenthesis  indicate  per  cent  relative  abun¬ 
dance  . 
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Figure  7.  Fragmentation  pattern  of  the  electron-impact  mass 
spectrum  of  derivatized  phenylethylamine . 
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Figure  8.  Fragmentation  pattern  of  the  electron-impact 
spectrum  of  derivatized  amphetamine. 
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CH2 

Figure  9.  Fragmentation  pattern  of  the  chemical  ionization  mass  spec¬ 
trum  of  derivatized  tranylcypromine.* 

*It  would  be  unusual  for  this  fragment  to  occur,  and  to  ensure  that  it 
was  not  coming  from  contamination  of  the  sample  by  N-acetyl-TCP,  au¬ 
thentic  N-acetyl-TCP  was  prepared  and  run  under  the  same  chromatogra¬ 
phic  conditions  as  N-acetyl ,N-PFBZ-TCP.  The  two  compounds  separated 
completely,  indicating  that  the  frament  indicated  above  is  formed  from 
N-acetyl ,N-PFBZ-TCP  in  the  mass  spectrometer. 
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Figure  10,  Fragmentation  pattern  of  the  chemical  ionization  mass 
spectrum  of  derivatized  amphetamine. 
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Fragmentation  pattern  of  the  chemical  ionization  mass  spec¬ 
trum  of  derivatized  phenylethylamine. 
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Figure  12.  A  gas  chromatogram  of  a  brain  sample  from  (A)  a  rat 
dosed  with  1  mg/kg  of  tranylcypromine  and  sacrificed 
1.5  hours  later,  and  (B)  a  control  brain  sample. 
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DAYS  of  Treatment 


Figure  13.  Levels  of  tranylcypromine  in  rat  brain  after  acute  and 
chronic  treatment  with  tranylcypromine.  N  =  4-12. 
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Table  VI.  Inhibition  of  monoamine  oxidase  i_n  vivo  by  acute  and 
treatment  with  tranylcypromine.  Values  represent  the 
the  per  cent  inhibition  S.E.M.).  N  =  5-16.  ^C-5 

used  as  MAO-A  substrate  and  l^C-PEA  was  used  as  MAO 
strate . 


MAO-A  MAO-B 


Day 

1 

86.8 

(1.7) 

86.9 

(1.8) 

Day 

10 

88.0 

0.8) 

89.5 

(1.4) 

Day 

21 

91.3 

(1.3) 

89.8 

(0.9) 

Day 

42 

95.4 

(1.1) 

92.7 

(1.1) 

chronic 
mean  of 
-HT  was 
-B  sub- 
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required  to  reach  statistical  significance  (p  <  0.05).  The  highest 
level  of  MAO  inhibition  (95.4%  for  MAO-A  and  92.7%  for  MAO-B)  was 
reached  at  the  end  of  the  42-day  dosing  period.  Only  one  sample  in  the 
entire  study  (MAO-A,  42-day)  was  100%  inhibited.  The  per  cent  inhibi¬ 
tion  (average  MAO-A  and  MAO-B)  correlated  highly  with  the  level  of  TCP 
in  the  brain  (r  =  0.9519,  p  <  0.05)  over  the  42-day  dosing  regimen. 

4.  Brain  Levels  of  Biogenic  Amines  after  Acute  and  Chronic  Inhibition 
of  Monoamine  Oxidase 

(a)  8  -Phenylethylamine  and  Tryptamine 

The  levels  of  PEA  and  T  in  rat  whole  brains  after  acute  and  chronic 
treatment  with  TCP  are  shown  in  Figure  14.  The  sensitivity  of  the  ana¬ 
lytical  method  for  PEA  allowed  quantitation  of  this  amine  in  whole 
brains  of  untreated  rats.  Tryptamine  could  not  be  detected  in  untreated 
rats,  i.e.,  levels  were  <  1  ng/g.  Levels  of  PEA  increased  19-fold  above 
control  values  after  a  single  i.p.  dose  of  1  mg/kg,  and  these  levels 
were  maintained  at  approximately  this  value  throughout  the  42-day  dosing 
period.  There  was  no  significant  difference  in  PEA  levels  at  any  time 
interval  between  1  and  42  days. 

Tryptamine  was  detected  in  all  drug-treated  samples.  Tryptamine 
levels  increased  up  to  day  21  and  then  decreased  slightly  by  day  42; 
however,  there  was  no  significant  difference  between  T  levels  between 
day  21  and  day  42.  In  general,  T  values  varied  considerably  from  sample 
to  sample,  even  within  a  time  period.  Although  MAO-A  and  MAO-B  were 
inhibited  to  approximately  the  same  extent  throughout  the  study,  the 
MAO-B  substrate  PEA  was  substantially  more  responsive  to  MAO  inhibition 
than  was  T,  indicating  that  PEA  may  have  a  higher  turnover  rate  than  T. 
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DAYS  of  Treatment 


Figure  14.  Levels  of  phenylethylamine  and  tryptaraine  in  rat  brain 
after  acute  and  chronic  treatment  with  tranylcypro¬ 
mine.  Control  levels  of  tryptamine  were  less  than  1 
ng/g.  N  =  4-7. 


These  results  are  In  agreement  with  those  of  Durden  and  Philips  (1980) 
who  reported  that  PEA  had  a  greater  turnover  rate  (1.53  nmol/g/hr),  6x 
higher  than  that  of  T  (0.24  nmol/g/hr). 
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(b)  5-Hydroxy tryptamine 

The  levels  of  5-HT  in  rat  brains  after  acute  and  chronic  treatment 
with  TCP  are  shown  in  Figure  15.  A  single  dose  of  TCP  of  1  mg/kg 
increased  brain  5-HT  levels  to  1.5x  control  values.  Concentrations  of 
5-HT  continued  to  increase  throughout  the  study.  However,  although  at 
each  subsequent  time  interval  the  5-HT  level  was  significantly  greater 
than  at  the  previous  interval,  this  effect  disappeared  between  21  and  42 
days  of  dosing.  In  fact,  the  increases  in  the  5-HT  levels  in  the  brain 
had  obviously  plateaued  by  day  21.  This  pattern  of  5-HT  levels  through¬ 
out  the  42-day  dosing  period  correlated  highly  with  the  brain  TCP  level 
(r  =  0.9640,  p  <  0.05).  No  other  biogenic  amine  measured  in  the  chronic 
TCP  study  correlated  as  highly  with  brain  drug  levels  over  time. 

( c)  Dopamine 

The  levels  of  DA  in  rat  brain  after  acute  and  chronic  treatment 
with  TCP  are  shown  in  Figure  16.  A  single  dose  of  TCP  increased  brain 

DA  concentrations  to  1.4x  control  values.  In  all  drug-treated  animals, 
brain  DA  concentrations  were  significantly  elevated  above  control  lev¬ 
els.  A  maximum  value  (1207  ng/g)  was  obtained  at  10  days,  after  which 
the  DA  concentration  stayed  at  approximately  this  same  level.  Although 
the  level  dropped  slightly  at  21  days,  after  42  days  of  dosing  the  brain 
DA  was  essentially  equivalent  to  the  level  observed  after  10  days  of 
dosing.  As  was  observed  with  the  other  amines  measured,  no  trend 
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Figure  15.  Levels  of  5-hydroxytryptamine  in  rat  brain  after  acute 
and  chronic  treatment  with  tranylcypromine.  N  =  6-12. 
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DAYS  of  Treatment 


Figure  16.  Levels  of  dopamine  in  rat  brain  after  acute  and  chron¬ 
ic  treatment  with  tranylcypromine.  N  =  5-9. 


89 


towards  a  return  to  baseline  (control  values)  was  observed. 

5 .  Urinary  Amine  Levels  after  Acute  and  Chronic  Treatment  with  Tranyl¬ 
cypromine 

Levels  of  amines  were  also  quantitated  in  24-hr  urine  samples  col¬ 
lected  during  chronic  treatment  with  TCP.  Baseline  (control)  values  and 
levels  at  days  1,  10,  and  21  were  determined.  All  values  are  expressed 
as  yg  excreted  per  24  hr. 

(a)  g -Phenylethylamine  and  Tryptamine 

The  amounts  of  PEA  and  T  excreted  in  the  urine  during  acute  and 
chronic  TCP  treatment  are  presented  in  Figure  17.  A  single  dose  of  TCP 

of  1  mg/kg  caused  urinary  levels  of  PEA  to  increase  to  3.8x  control 
values.  By  day  10  this  increase  was  6.2x  that  of  control  values.  On 
day  21,  this  increase  in  urinary  PEA  excretion  had  decreased  slightly, 
indicating  a  plateau  had  been  reached.  Excretion  of  PEA  on  day  21  did 
not  differ  significantly  from  that  on  day  10.  In  contrast,  PEA  excre¬ 
tion  on  day  10  differed  significantly  from  that  on  day  1  (p  <  0.025). 
Levels  of  PEA  at  all  time  intervals  from  day  1  onwards  were  signifi¬ 
cantly  greater  than  control  values. 

There  are  therefore  differences  in  the  effects  of  TCP  on  PEA  levels 
between  the  brain  and  urine.  While  a  fairly  constant  level  of  PEA  was 
reached  in  the  brain  after  a  single  dose  of  1  mg/kg  and  maintained  at 
approximately  the  same  level  for  up  to  42  days,  the  urinary  levels 
increased  significantly  from  day  1  to  day  10.  A  plateau  was  apparently 
reached  on  or  before  day  10.  There  was  no  obvious  trend  towards  a 
return  to  baseline  levels  in  the  brain  after  42  days  of  dosing  or  in  the 
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Figure  17.  Urinary  phenylethylamine  and  tryptamine  after  acute 
and  chronic  treatment  with  tranylcypromine.  N  =  4-6. 


. 


■ 


91 


urine  after  21  days  of  dosing. 

Urinary  T  levels  increased  to  4.2x  control  values  after  a  single 
dose  of  1  mg/kg.  At  all  time  intervals,  T  levels  were  significantly 
elevated  above  control  values.  Concentrations  of  T  at  each  successive 
time  interval  did  not  always  differ  from  the  previous  interval,  but  the 
T  level  on  day  1  did  differ  significantly  from  day  21. 

( b)  5-Hydroxytryptamine  and  3-Methoxytyramine 

The  values  for  24-hr  excretions  of  5-HT  and  the  DA  metabolite  3-MT 
after  acute  and  chronic  TCP  treatment  are  shown  in  Figure  18.  In  con¬ 
trast  to  the  large  differences  between  5-HT  and  T  levels  in  the  brain, 
urinary  5-HT  and  T  levels  in  untreated  rats  were  very  similar.  Their 
response  to  TCP  was  also  similar.  Although  the  initial  increase  in 
urinary  5-HT  levels  after  a  single  dose  of  TCP  was  less  dramatic  than 
the  T  response  (1.4x  controls  for  5-HT), it  was  significantly  elevated 
above  controls,  as  were  5-HT  levels  at  all  subsequent  time  periods.  As 
with  T,  5-HT  levels  between  successive  time  intervals  did  not  differ 
significantly  from  the  time  intervals  immediately  preceding;  a  plateau 
appeared  to  be  reached  within  the  first  few  days  of  dosing.  This  con¬ 
trasted  with  the  pattern  of  5-HT  levels  in  the  brain  in  response  to 
chronic  TCP  treatment,  where  a  gradual  and  steady  increase  was  seen 
until  the  plateauing  at  21  days.  The  trend  in  urinary  3-MT  levels 
appeared  similar  to  that  of  brain  DA  concentrations  in  that  the  peak 
value  was  obtained  after  10  days  of  dosing.  Unfortunately,  due  to  the 
wide  variation  observed  in  3-MT  excretion,  no  groups  differed  signifi¬ 
cantly  (p  >  0.05)  from  one  another,  including  controls  versus  drug- 
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Figure  18.  Urinary  5-hydroxytryptamine  and  3-methoxytyramine 
after  acute  and  chronic  treatment  with  tranylcypro¬ 
mine.  N  =  3-5. 
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III.B.  Administration  of  Tranylcypromine  Isomers 

The  individual  (+)  or  (-)  isomers  of  TCP  were  administered  (1 
mg/kg)  to  groups  of  rats  which  were  sacrificed  0.5,  1.5,  3.0,  and  6.0  hr 
later.  Various  parameters  were  measured  at  these  time  intervals.  The 
results  are  reported  below. 

1 •  Levels  of  Tranylcypromine  Isomers  in  the  Brain 

The  levels  of  the  (+)  or  (-)  isomers  of  TCP  in  the  brain  after 
administration  of  the  respective  isomer  are  displayed  in  Figure  19. 
Surprisingly,  there  were  large  differences  in  the  disposition  of  the 
isomers.  (-)-Tranylcypromine  appeared  to  enter  the  brain  faster,  attain 
a  higher  level,  and  be  cleared  faster  than  the  (+)  isomer.  By  plotting 
the  log  of  the  isomer  concentration  against  time,  the  half-life  of  (-)- 
TCP  was  determined  to  be  0.76  hr  (45.7  min).  By  6  hr  after  drug  injec¬ 
tion,  the  level  of  (-)-TCP  in  the  brain  was  5  ng/g,  a  level  that  is 
approaching  the  limits  of  detection  of  the  assay.  Considering  that  at 
0.5  hr  after  injection,  the  level  of  (-)-TCP  was  approaching  1  pg/g, 
within  6  hours  the  drug  level  had  decreased  by  a  factor  of  about  200. 

In  contrast,  the  (+)-isomer  attained  a  lower  peak  level  and  was 
cleared  from  the  brain  more  slowly.  The  half-life  of  (+)-TCP  in  the 
brain  was  determined  to  be  1.45  hr  (87  min),  a  value  almost  double  that 
of  the  (-)-isomer.  In  addition,  at  the  6  hr  time  interval,  the  level  of 
(+)-TCP  was  almost  lOx  greater  than  that  of  (-)-TCP.  At  the  0.5  hr  time 
interval,  (-)-TCP  levels  were  significantly  greater  (p  <  0.02)  than 
those  of  (+)-TCP;  at  all  other  time  intervals,  (+)-TCP  levels  were  sig¬ 
nificantly  greater  than  (-)-TCP  levels  (1.5  hr,  p  <  0.001;  3.0  hr ,  p  < 
0.001;  6.0  hr,  p  <  0.025). 
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Figure  19.  Levels  of  tranylcypromine  isomers  in  rat  brain  after  dosing 
with  tranylcypromine  isomers. N=5. 
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2 .  Inhibition  of  Monoamine  Oxidase  by  Tranylcypromine  Isomers 

Inhibition  of  monoamine  oxidase  by  TCP  isomers  was  determined  both 
In  vivo  and  vitro.  For  Ln  vivo  experiments  rats  were  treated  intra- 
peritoneally  with  1  mg/kg  of  either  (+)-  or  (-)-TCP  and  sacrificed  at 
various  time  intervals  after  drug  injection.  The  results  of  the  in  vivo 
MAO  inhibition  experiments  are  presented  in  Table  VII.  The  (+)-isomer 

inhibited  MAO-A  from  83.3%  to  90.8%  and  MAO-B  from  82.7%  to  92.3%.  The 
(-)-isoraer  inhibited  both  forms  of  MAO  much  less  than  that  observed  with 
the  (+)-isomer;  levels  of  inhibition  of  MAO-A  varied  between  23.0%  and 
47.9%,  while  with  MAO-B  values  were  between  29.0%  and  62.1%. 

For  jtjn  vitro  MAO  inhibition  experiments,  various  concentrations  of 

TCP  isomers  (10”^-10“®  M)  were  incubated  with  brain  homogenates  to 

* 

determine  the  extent  of  inhibition.  The  per  cent  inhibition  was  plotted 
against  the  log  of  the  isomer  concentration  to  determine  the  concentra¬ 
tion  required  to  inhibit  MAO  by  50%  (IC50).  The  results  are  reported  in 
Table  VIII.  The  stronger  MAO-inhibi ting  properties  of  the  (+)-isomer 
were  even  more  apparent  in  the  _in  vitro  experiments.  (+)-Tranylcypro- 
mine  had  an  IC50  value  almost  20x  less  than  that  of  (-)-TCP  for  inhibi¬ 
tion  of  MAO-A  and  almost  30x  less  than  (-)-TCP  for  MAO-B.  There  was  no 
significant  difference  in  the  extent  of  MAO  inhibition  between  MAO-A  and 
MAO-B  for  either  isomer,  although  the  difference  approached  the  0.05 
level  of  significance  with  (+)-TCP. 


3.  Levels  of  Biogenic  Amines  in  Brain  after  Administration  of  Tranyl¬ 

cypromine  Isomers 


' 

■ 
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Table  VII.  Per  cent  inhibition  of  monoamine  oxidase  Tn  vivo  by  tranyl¬ 
cypromine  isomers  (1  mg/kg) .  Values  represent  the  mean  ± 
S.E.M.;  N  =  4-5. 


(-)-TCP 


(+)-TCP 


MAO-A  MAO-B  MAO-A  MAO-B 


0.5 

hr 

23.0 

(3.2) 

29.0 

(3.1) 

83.3 

(3.1) 

86.6 

(1.9) 

1.5 

hr 

43.8 

(3.6) 

52.7 

(2.7) 

90.8 

(2.1) 

82.7 

(2.1) 

3.0 

hr 

47.9 

(3.7) 

62.1 

(7.2) 

84.4 

(3.6) 

92.3 

(0.3) 

6.0 

hr 

44.3 

(6.5) 

58.0 

(3.6) 

84.5 

(2.7) 

90.4 

(1.1) 

. 
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Table  VIII. 


Inhibition  of  monoamine  oxidase  _rn  vitro  by  tranylcypromine 
isomers.  Values  represent  mean  ±  S.E.M. ;  N  =  3. 


Isomer 

(+)-TCP 

(-)-TCP 


IC50  (  M) 
MAO-A 

0.16  (0.12) 
3.00  (0.40) 


MAO-B 

0.10  (0.04) 
2.77  (0.29) 
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(a)  g-Phenylethylamlne 

The  brain  levels  of  PEA  after  administration  of  TCP  isomers  are 
shown  in  Figure  20.  The  (+)-isomer  had  a  much  more  dramatic  effect  on 
PEA  levels  than  did  the  (-)-isomer.  This  effect  is  consistent  with  the 
greater  MAO-inhibiting  properties  of  the  (+)-isomer.  With  (+)-TCP,  the 
levels  of  PEA  were  significantly  elevated  above  control  values  at  all 
time  intervals;  however,  there  was  no  significant  difference  between  the 
different  time  intervals. 

The  (-)-isomer  caused  no  significant  elevations  of  PEA  above  con¬ 
trol  values  at  any  time  interval.  However,  at  the  6.0  hr  interval,  PEA 
was  significantly  depressed  below  control  values  (p  <  0.05). 

(b)  5-Hydroxy trypt amine 

The  levels  of  5-HT  in  the  brain  after  treatment  with  TCP  isomers  is 
displayed  in  Figure  21.  At  0.5  hr  there  was  no  increase  in  5-HT  levels 
in  the  (-)-TCP  treated  rats.  However,  by  1.5  hr  and  6.0  hr,  5-HT  levels 
were  significantly  elevated  above  controls.  At  the  3.0  hr  time  period, 
there  was  a  slight  drop  from  the  previous  (1.5  hr)  time  interval,  and 
thus  this  group  did  not  differ  significantly  from  controls.  There  is  no 
apparent  reason  for  this  drop. 

The  (+)-isomer  also  had  a  much  more  dramatic  effect  on  5-HT  lev¬ 
els.  Concentrations  of  5-HT  were  significantly  elevated  above  control 
values  at  all  time  intervals.  At  the  6.0  time  interval,  5-HT  levels 
were  the  highest,  although  they  were  not  significantly  different  (p  > 
0.05)  from  the  levels  at  1.5  or  3.0  hr.  At  6.0  hr,  (+)-TCP  caused  a 
3-fold  increase  above  control  values,  compared  to  a  1.4-fold  increase 


caused  by  (-)-TCP. 
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Figure  20.  Levels  of  phenylethylamine  in  rat  brain  after  dosing 
with  tranylcypromine  isomers.  N=4~5. 
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Figure  21.  Levels  of  5-HT  in  rat  brain  after  dosing  with  tranyl¬ 
cypromine  isomers.  N=4-5. 
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4.  The  Effects  of  Tranylcypromine  Isomers  on  the  Inhibition  of  Reup¬ 

take  of  Tritiated  Neurotransmitters 

The  effects  of  TCP  isomers  on  the  inhibition  of  reuptake  of  triti¬ 
ated  neurotransmitters  into  prisms  prepared  from  brain  regions  are  shown 
in  Table  IX.  With  all  three  neurotransmitters  investigated,  the  (-)- 
isomer  was  a  more  potent  inhibitor  of  reuptake  than  was  the  (+)-isomer. 
Both  isomers  appear  to  be  particularly  potent  in  inhibiting  the  reuptake 
of  ^H-NE.  At  10“5  m  drug  concentration,  the  difference  between  the  two 

O 

isomers  was  not  apparent,  both  isomers  inhibiting  ->H-NE  reuptake  to 
approximately  the  same  high  extent.  At  10“^  M  drug  concentration,  how¬ 
ever,  the  potency  difference  became  apparent  (72.9%,  (-)-TCP;  59.2%, 

(+)-TCP).  The  difference  between  the  isomers  in  inhibiting  the  reuptake 
of  ^H-DA  and  ^H-5-HT  was  apparent  at  10“^  M.  The  order  of  potency  for 
inhibiting  uptake  of  neurotransmitters  for  both  isomers  is:  NE  »  DA  > 
5-HT.  The  (-)-isomer's  potency  was  equivalent  to  that  of  £-TA  in  inhi¬ 
biting  the  reuptake  of  %-NE,  but  less  than  j>-TA  in  inhibiting  reuptake 
of  ^H-DA  and  ^H-5-HT.  Para-tyramine  is  known  to  be  a  strong  inhibitor 
of  uptake  of  catecholamines  and  5-HT  (Raiteri  et  al.,  1977)  and  was  used 
in  these  experiments  as  a  reference  compound. 

5.  The  Effects  of  Tranylcypromine  Isomers  on  the  Release  of  Tritiated 

Neurotransmitters 

The  effects  of  TCP  isomers  on  the  release  of  %-NE,  ^H-DA,  and 
3H-5-HT  from  rat  brain  areas  are  shown  in  Table  X.  In  contrast  to  the 
difference  between  the  two  isomers  in  inhibiting  ^H-NE  reuptake  at  10“^ 
M,  little  difference  was  observed  in  the  ability  of  the  two  isomers  to 
release  ^H-NE  at  10”*  M  or  10"5  M.  It  would  be  anticipated  that  at  10-6 


. 

. 
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Table  IX.  The  effects  of  tranylcypromine  isomers  on  the  inhibition  of 
reuptake  of  tritiated  neurotransmitters  in  prisms  from  rat 
brain.  Values  represent  the  mean  of  the  per  cent  inhibition 


±  (S.E.M.) 

.  N  =  4-10. 

Para-tyramine  (p-TA) 

is  : 

included  as  a 

reference 

standard . 

Drug  concentrations 

were 

10~3  M  for 

studies  on 

3H-DA  and  3H 

-5-HT  and  10“6  M  for 

studies  on  3H-NE. 

(-)-TCP 

(+)-TCP 

pTA 

3H-NE  (hypothalamus) 

72.9  (1.6) 

59.2  (1.9) 

70.8 

(0.81) 

3H-DA  (striatum) 

73.9  (1.3) 

49.1  (3.5) 

83.5 

(0.86) 

3H-5-HT  (striatum) 

30.8  (1.7) 

36.2  (4.0) 

83.7 

(2.8) 

_ 
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Table  X.  The  effects  of  tranylcypromine  isomers  on  the  release  of  3H- 
norepinephrine ,  3H-dopamine,  and  3H-5-hydroxytryptamine  from 
rat  brain  prisms.  Values  represent  the  mean  per  cent  increase 
over  control  values  ±  (S.E.M.).  N  =  4-6. 


3H-NE 

3H-DA 

3H-5-HT 

(hypothalamus) 

(striatum) 

(striatum) 

(-)-TCP 

(10“4  M) 

65  (19.1) 

152  (8.9) 

118  (10.2) 

(+)-TCP 

(10“4  M) 

51  (15.5) 

53  (7.5) 

32  (11.0) 

(-)-TCP 

(10-5  M) 

27  (5.9) 

59  (6.4) 

43  (9.1) 

(+)-TCP 

(10~5  M) 

34  (3.1) 

11  (8.3) 

13  (7.1) 
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M  drug  concentration  (not  tested),  a  concentration  at  which  substantial 
^H-NE  reuptake  inhibition  is  apparent  with  both  isomers,  little  release 
would  occur.  However,  as  with  reuptake  inhibition,  the  (-)-isomer  is 
substantially  more  potent  in  releasing  ^H-DA  and  ^H-5-HT. 


III.C.  Detection  and  Characterization  of  Para-Hydroxytranylcypromine  as 
a  Metabolite  of  Tranylcypromine 

1 •  Detection  and  Analysis  of  Para-Hydroxytranylcypromine 

The  analytical  method  described  in  section  II. F. 2  was  successfully 
applied  to  the  analysis  of  j>-0H-TCP  in  urine.  The  PFBZ  derivative  gave 
characteristic  diagnostic  ions  by  EI-MS  and  CI-MS  (Figures  22  and  23, 
respectively).  The  average  urinary  excretion  of  £-0H-TCP  from  four  rats 
was  1.33  yg/24  hr  (±  0.07,  S.E.M.).  No  jd-OH-TCP  could  be  deteced  in 
untreated  rats.  To  produce  unequivocal  evidence  for  the  presence  of 
j)-0H-TCP  in  urine,  SIM-MS  was  utilized.  The  quasimolecular  ion  (MH+, 
m/z  338)  in  the  CI-MS  of  derivatized  jr-OH-TCP  was  also  the  base  peak  in 
the  spectrum  and  therefore  was  selected  as  the  ion  to  be  monitored  by 
SIM.  The  CI-SIM  mass  spectra  of  an  N,0-diPFB-j>-0H-TCP  standard,  a  con¬ 
trol  urine  extract,  and  an  extract  of  urine  from  a  rat  dosed  with  1 
mg/kg  TCP  are  shown  in  Figure  24.  A  peak  with  the  same  retention  time 
and  m/z  as  derivatized  £-0H-TCP  was  observed  in  the  control  urine.  How¬ 
ever,  closei*  inspection  of  the  spectrum  utilizing  the  ANSWER  mode  of 
data  analysis  revealed  that  the  interference  actually  eluted  slightly 
before  £-0H-TCP.  Only  in  the  TCP-treated  rat  urine  was  a  peak  observed 
that  eluted  at  exactly  the  same  time.  These  observations  provide 
unequivocal  evidence  for  the  presence  of  j>—  OH— TCP  in  urine  of  TCP— 
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Figure  22.  Fragmentation  pattern  of  the  electron- impact  mass 
spectrum  of  the  pentaf luorobenzoyl  derivative  of  para- 
hydroxytranylcypromine . 
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Figure  23.  Fragmentation  pattern  of  the  chemical  ionization  mass  spec¬ 
trum  of  the  pentaf luorobenzoyl  derivative  of  para-hydroxy- 
tranylcypromine . 
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treated  rats.  Attempts  to  detect  amphetamine  as  a  metabolite  of  TCP  in 
the  brain  using  this  procedure  were  unsuccessful. 

Iprindole  (10  mg/kg),  an  inhibitor  of  para- hydroxylat ion  of  AMP 
(Fuller  and  Hemrick-Luecke ,  1980),  is  also  apparently  an  inhibitor  of 
par a~ hydroxylat ion  of  TCP,  since  pretreatment  of  rats  with  iprindole 
resulted  in  the  disappearance  of  the  jd-OH-TCP  peak  in  the  chromatogram 
(Table  XI)  of  a  urine  extract. 

Using  the  procedure  of  Baker  e_t  al.  (1982),  j)-0H-TCP  could  not  be 
detected  in  brain  1.5  h  after  i.p.  administration  of  TCP  at  a  dose  of  1 
mg/kg.  However,  a  large  peak  was  noted  in  the  GC  trace  after  admini¬ 
stration  of  TCP  at  a  dose  of  10  mg/kg.  The  structure  of  the  compound 
represented  by  this  peak  was  shown  by  EI-SIM-MS  to  be  0-TFA,  N-TFA, 
N-acety 1-para- hydroxy tranylcypromine  (see  Figures  25  and  26). 

In  another  series  of  experiments,  the  effects  of  pretreatment  of 
rats  with  various  psychotropic  drugs  on  the  levels  of  TCP  and  AMP  were 
examined.  It  was  anticipated  that  drugs  that  inhibit  para-hydroxylation 
would  cause  an  increase  in  the  levels  of  parent  drug  (TCP  or  AMP).  The 
results  are  presented  in  Table  XII. 

First,  the  effects  of  pretreatment  with  iprindole  or  saline  on  the 
brain  levels  of  TCP  or  AMP  were  examined.  Iprindole  caused  an  increase 
in  both  TCP  and  AMP;  however,  the  effect  was  more  dramatic  with  AMP  in 
that  iprindole  pretreatment  caused  more  than  a  four-fold  increase  in 
brain  AMP  levels  while  approximately  a  two-fold  increase  in  TCP  was 
observed  in  iprindole-TCP-treated  rat  brains. 

Pretreatments  with  the  neuroleptics  chlorpromazine  and  triflupera- 
zine  and  the  classic  cytochrome  P-450  inhibitor  SKF  525A  were  also  exa¬ 
mined  for  their  effects  on  brain  TCP  levels.  Chlorpromazine  displayed 


' 
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Table  XI.  The  effects  of  pretreatment  with  iprindole  on  urinary  excre¬ 
tion  of  para-hydroxytranylcypromine .  Iprindole  (10  mg/kg) 
was  injected  i.p.  1  hr  before  a  1  mg/kg  i.p.  injection  of 
tranylcypromine.  Urine  was  collected  for  24  hr  after  tranyl¬ 
cypromine  administration,  then  frozen  at  -50 °C  until  analy¬ 
sis.  Para-hydroxytranylcypromine  was  quantitated  by  gas 
chromatography  as  described  in  section  II. F. 2.  N  =  4. 


Pretreatment 

Drug 

p-OH-TCP  (  g/24  hr) 

Saline 

Saline 

N.D.a 

Saline 

TCP 

1.33  ±  0.07 

Iprindole 

TCP 

N.D.a 

aNot  detected 
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Figure  25.  Fragmentation  pattern  of  an  electron-impact  mass  spec¬ 
trum  of  0-trif luoroacetyl ,  N-trif luoroacetyl ,  N- 
acety 1-para-hydroxy tranylcypromine . 
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Figure  26.  An  electron-impact  mass  spectrum  in  the  single  ion  monitor¬ 
ing  mode  of  (A)  a  dcrivatized  para-hyd roxy t  r any Icy promine 
standard,  (B)  a  brain  sample  from  a  rat  dosed  with  10  mg/kg 
of  tranylcypromine,  and  (C)  a  control  rat  brain. 
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Table  XII.  Effects  of  pre treatment  with  inhibitors  of  ring  hydroxyla- 
tion  on  brain  concentrations  of  amphetamine  and  tranylcypro¬ 
mine  in  the  rat . 


Pretreatment3 

Drug*5 

TCPc 

AMPC 

N 

Saline 

AMP 

420  (41.9) 

5 

Iprindole 

AMP 

1977  (101.1) 

5 

Saline 

TCP 

258  (24.6) 

5 

Iprindole 

TCP 

502  (29.5) 

5 

Chlorpromazine 

TCP 

1004  (70.0) 

4 

Trifluperazine 

TCP 

730  (27.0) 

4 

SKF525A 

TCP 

639  (55.8) 

4 

aPretreatments  were  administered  at  3:00  p.m.  Doses  for  all  pretreat¬ 
ment  drugs  were  35  ymoles/kg  (see  Section  II. B. 3  for  details). 

^Drugs  were  administered  at  4:00  p.m.  at  1  mg/kg  i.p.  Animals  were  sac¬ 
rificed  1.5  hours  later. 

cng/g  wet  weight  of  brain  tissue  (±  S.E.M.). 
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the  most  profound  effect  upon  brain  levels  of  TCP,  increasing  them 
almost  four-fold  above  saline-pretreated  animals. 

These  results  verify  that  £-OH-TCP  is  a  metabolite  of  TCP  in  rat 
brain  and  urine  and  that  AMP  could  not  be  detected  as  a  metabolite  in 
the  rat  brain.  In  addition,  it  was  demonstrated  that  a  variety  of  psy¬ 
chotropic  drugs  and  metabolic  inhibitors  can  profoundly  affect  the  lev¬ 
els  of  TCP  in  brain. 

2.  Biological  Activity  of  Para-Hydroxytranylcypromine 

(a)  Inhibition  of  Monoamine  Oxidase 

Calculation  of  the  IC5Q  values  for  the  inhibition  of  brain  MAO-A 
and  MAO-B  Tn  vitro  by  TCP  and  jv-OH-TCP  showed  that  there  was  no  signifi¬ 
cant  difference  between  the  two  drugs  (Table  XIII).  Both  were  potent 
inhibitors . 

(b)  Inhibition  of  Reuptake  of  Tritiated  Neurotransmitters  by  Para- 

Hydroxytranylcypromine 

Par a- hydroxy tranylcypromine  was  compared  with  TCP  to  determine  if 
the  hydroxylated  metabolite  retains  the  ability  of  the  parent  drug  to 
inhibit  reuptake  of  neurotransmitter  amines.  The  results  are  shown  in 
Table  XIV.  The  reuptake-inhibiting  properties  of  jr-OH-TCP  on  ^H-NE  and 
^H-DA  were  very  similar  to  those  of  TCP  itself.  Tranylcypromine  and  jd- 
OH-TCP  were  more  potent  in  inhibiting  reuptake  of  %-NE  than  of  -^H-DA  or 
3h-5-HT.  However,  the  TCP  metabolite  was  considerably  more  potent  than 
TCP  in  inhibiting  ^H-5-HT  reuptake  (p  <  0.001).  Thus,  para-hydroxyla- 
tion  of  TCP  provided  retention  of  the  potent  NE  and  DA  reuptake  inhibit- 
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Table  XIII.  Comparison  of  the  Tn  vitro  inhibition  of  monoamine  oxidase 
by  tranylcypromine  and  para-hydroxytranylcypromine .  Values 
represent  the  mean  of  the  IC50  (  M)  ±  S.E.M.  N  =  6. 


MAO-A  MAO-B 

TCP 

2.82  (0.28)  2.58  (0.27) 

p-OH-TCP 

2.66  (0.41)  2.82  (0.23) 
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Table  XIV.  Comparison  of  effects  of  para- hydroxy tranylcypromine  and 
tranylcypromine  on  the  inhibition  of  reuptake  of  ^H-dopa- 
mine ,  ^H-norepinephrine ,  and  ^H-5-hydroxytryptamine  in  rat 
brain  prisms.  Values  represent  the  mean  of  the  per  cent 
inhibition  (±  S.E.M.).  N  =  3-4.  Drug  concentrations  were 
10“5  M  for  DA  and  5-HT  experiments  and  10”^  M  for  NE  experi¬ 
ments. 


p-OH-TCP  TCP 


^H-NE  (hypothalamus) 

63.8 

(5.0) 

75.1 

(1.9) 

^H-DA  (striatum) 

67.4 

(0.9) 

70.9 

(1.8) 

3h-5-HT  (striatum) 

76.6 

(1.4) 

28.8 

(0.2) 

. 


ing  properties  of  the  parent  drug,  while  actually  increasing  the  ability 
to  inhibit  5-HT  reuptake. 
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( c)  Release  of  Trltiated  Neurotransmitters  by  Para-Hydroxytranylcypro- 

mine 

The  ability  of  £-OH-TCP  to  release  3H-NE,  3H-DA,  and  3H-5-HT  from 
rat  brain  tissue  was  compared  with  TCP.  The  results  are  reported  in 

Table  XV.  At  10“^  M,  j>-0H-TCP  was  essentially  equipotent  with  TCP  in 

o 

releasing  JH-NE  from  prisms  of  hypothalamic  tissue.  Approximately  the 
same  degree  of  release  was  seen  with  3H-DA  (38-41%  above  control  val¬ 
ues),  and  again  the  hydroxylated  metabolite  was  equipotent  with  TCP. 
However,  a  different  pattern  of  release  was  seen  with  3H-5-HT  in  stria¬ 
tal  tissue.  Par a- hydroxy tranylcypromine  was  a  much  more  potent  releaser 
of  3H-5-HT  than  was  TCP  itself  (p  <  0.001). 

III.D.  Detection  of  6-Hydroxytetrahydro-  fr-Carboline 

The  method  developed  for  the  extraction  and  analysis  of  6-OH-THBC 
in  rat  urine  employed  a  double-derivatization  procedure  as  described  in 
Materials  and  Methods,  Section  II. F. 3.  The  structure  of  N-PFP, O-PFBZ-6- 
OH-THBC  was  confirmed  by  EI-MS  (Figure  27).  A  molecular  ion  at  m/ z  528 
(25%  relative  abundance)  was  present  in  addition  to  several  other  diag¬ 
nostic  ions.  These  ions  were  utilized  to  demonstrate  the  unequivocal 
presence  of  6-OH-THBC  in  the  urine  of  a  TCP-5-HTP-treated  rat  by  EI-SIM 
mass  spectrometry. 

Figure  28  depicts  an  EI-SIM  mass  spectrum  from  an  N-PFP ,0-PFBZ-6- 
OH-THBC  standard,  a  urine  sample  from  a  rat  dosed  with  TCP  and  5-HTP, 
and  a  control  urine.  The  molecular  ion  (m/z  528)  and  two  other  charac¬ 
teristic  ions  (m/z  158  and  m/z  333)  were  monitored  simultaneously.  In 
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Table  XV.  Comparison  of  the  effects  of  para-hydroxytranylcypromine  and 
tranylcypromine  on  release  of  -%-norepinephrine ,  -%-dopamine , 
and  ^H-5-hydroxytryptamine  from  rat  brain  prisms.  Values 
represent  the  mean  of  the  per  cent  increase  of  release  over 
control  values  (±  S.E.M.).  N  =  5-10.  Drug  concentrations 
were  10”^  M  for  DA  and  5-HT  experiments  and  10“^  M  for  NE 
experiments . 


p-OH-TCP 

TCP 

^H-NE  (hypothalamus) 

42.6  (9.6) 

36.1  (6.1) 

^H-DA  (striatum) 

38.4  (5.3) 

40.9  (8.2) 

3h-5-HT  (striatum) 

71.3  (7.6 )a 

27.9  (5.5) 

aSignif icantly  different  from  TCP  (p  <  0.001). 
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Figure  28.  An  electron-impact  mass  spectrum  in  the  selected  ion 
monitoring  mode  of  (a)  a  derivatized  standard  of 
6-hydroxy tetrahydro- $ -carboline ,  (b)  a  urine  sample 

from  a  rat  dosed  with  tranylcypromine  and  5-hydroxy- 
tryptophan,  and  (c)  a  control  urine  sample. 
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the  TCP  +  5-HTP-treated  rat  urine,  a  peak  eluting  from  the  GC  column  at 
exactly  the  same  retention  time  and  containing  all  3  diagnostic  ions  was 
observed.  None  of  these  ion6  was  observed  in  urine  from  control  rats  at 
this  retention  time.  The  coinciding  of  the  3  characteristic  ions  elut¬ 
ing  at  exactly  the  same  retention  time  as  an  authentic  standard  of  deri- 
vatized  6-OH-THBC  provides  strong  evidence  for  the  detection  of  6-0H- 
THBC. 

These  results  were  also  confirmed  by  analysis  of  urine  samples 
using  GC.  However,  the  presence  of  6-OH-THBC  as  assessed  by  GC  was 

not  consistent.  It  is  possible  that  the  inconsistent  detection  of  6-OH- 
THBC  may  have  been  due  to  problems  in  reproducibility  of  the  method 
since  the  standard  curves  constructed  were  often  not  linear.  Therefore, 
it  may  be  that  the  failure  to  detect  6-OH-THBC  consistently  in  urine 
samples  was  due  to  anomalies  inherent  in  the  method.  Numerous  attempts 
to  determine  the  cause  of  irreproducibility  and  non-linearity  of  stand¬ 
ards  were  not  successful.  In  light  of  these  problems,  further  attempts 
to  quantitate  6-OH-THBC  in  urine  were  not  made. 
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IV.  DISCUSSION 

IV. A.  Acute  and  Chronic  Treatment  with  Tranylcypromine 

1 .  Anorexiant  Effects,  Brain  Tranylcypromine  Concentrations,  and  Mono¬ 

amine  Oxidase  Activity 

Although  the  absolute  weights  of  chronic  TCP-treated  rats  did  not 
differ  significantly  from  the  saline-treated  rats,  the  amount  of  weight 
gained  by  the  drug-treated  group  was  significantly  less.  This  observa¬ 
tion  is  consistent  with  the  results  reported  by  Willis  and  Smith  (1982) 
who  studied  the  anorexic  properties  of  nialamide,  pargyline,  and  TCP. 
They  studied  mean  change  in  body  weight,  mean  quantity  of  food  eaten, 
and  mean  volume  of  water  consumed  within  24  hrs  after  i.p.  injection  of 
four  different  doses  of  each  of  the  MAOIs  mentioned  above.  A  summary  of 
their  results  is  shown  in  Table  XVI.  All  three  MAOIs  significantly 
reduced  (p  <  0.001)  body  weight,  food  consumption,  and  water  intake  at 
the  3  highest  doses  tested.  Tranylcypromine  at  1  mg/kg,  nialamide  at  20 
mg/kg,  and  pargyline  at  15  mg/kg  did  not  significantly  reduce  these 
parameters  over  the  first  24  hrs  after  i.p.  injection.  It  should  be 
noted  that  there  appears  to  be  a  good  dose-response  relationship  with 
all  three  parameters  studied.  It  was  also  reported  that  the  mean  number 
of  days  required  for  pargyline-treated  rats  to  regain  their  preinjection 
body  weight  after  stopping  pargyline  was  1.3  days  for  a  10  mg/kg  dose 
and  3.6  days  for  a  50  mg/kg  dose. 

Thus,  although  a  1  mg/kg  dose  of  TCP  does  not  cause  body,  weight 
decreases  within  the  first  24  hrs  after  administration,  the  present 
study  has  shown  that  within  three  weeks  of  continuous  daily  administra¬ 
tion  of  a  clinically  relevant  dose,  decreases  in  weight  gain  are  appar- 
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Table  XVI.  A  condensed  summary  of  the  results  of  Willis  and  Smith 
(1982).  Nialamide  and  pargyline  produced  results  similar  to 
those  obtained  with  tranylcypromine. 


A.  The  mean  change  in  rat  body  weight  over  24  hours  after  intraperiton- 
eal  injection  of  various  doses  of  tranylcypromine. 


Treatment 

Dose  (mg/kg) 

Change  in  Body 

Weight  (grams) 

Control 

— 

+2 

Tranylcypromine 

1 

+1 

Tranylcypromine 

2.5 

-5a 

Tranylcypromine 

5.0 

-6a 

Tranylcypromine 

10.0 

-22a 

mean  quantity  of 

food  eaten  in  the 

24  hours  after  intraperiton 

eal  injection  of  various  doses  of  tranylcypromine. 


Treatment 


Dose 


Grams  of  Food  Eaten 


Control 

— 

25 

Tranylcypromine 

1.0 

22 

Tranylcypromine 

2.5 

lla 

Tranylcypromine 

5.0 

9a 

Tranylcypromine 

10.0 

3a 

aSignif icantly  different  from  control  values  (p  <  0.001). 
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ent.  The  results  of  Willis  and  Smith  (1982)  reveal  that  this  effect  is 
probably  caused,  at  least  in  part,  by  a  true  anorexiogenic  effect,  that 
is,  the  decreased  weight  gain  is  likely  caused  by  decreased  food  con¬ 
sumption.  This  conclusion  is  also  supported  by  the  work  of  Leibowitz 
and  Rossakis  (1978,  1979)  who  have  studied  the  effects  of  hypothalamic 
injections  of  catecholamines  on  feeding  behavior.  Their  extensive  stud¬ 
ies  have  shown  that  in  food-deprived,  pargyline-treated  rats,  injections 
of  DA  and  epinephrine  into  the  perfornical  region  of  the  hypothalamus 
potently  suppress  food  intake.  These  effects  were  apparent  at  doses  as 
low  as  31  ng  of  DA  or  150  ng  epinephrine.  This  effect  was  reliably 
potentiated  by  pretreatment  with  either  catecholamine  reuptake  inhibi¬ 
tors  (desipramine  and  benztropine)  or  MAOIs  (pargyline).  Pargyline  had 
a  particularly  strong  potentiating  action  (100%  increase  in  responsive¬ 
ness  over  non-pargyline  pretreated  animals)  with  DA,  indicating  the  high 
susceptibility  of  the  amine  to  catabolism  by  MAO. 

Perfornical  injections  of  catecholamine  agonists  such  as  AMP,  maz- 
indol ,  and  phenmetrazine  also  produced  feeding  suppression,  and  this 
effect  was  positively  correlated  with  dose.  It  was  concluded  that  per¬ 
fornical  hypothalamic  catecholamine  neurons,  through  DA  receptors  and 
B -adrenoceptors ,  are  involved  in  inhibiting  feeding  behavior,  as  well  as 
mediating  the  anorexiogenic  properties  of  AMP,  mazindol,  and  MAOIs. 

Tranylcypromine  appeared  to  enter  the  brain  readily  and  accumulate 
in  brain  tissue  after  continuous  daily  treatments.  As  outlined  in  Sec¬ 
tion  I.C.7,  a  daily  dose  of  1  mg/kg  is  comparable  to  a  clinical  situa¬ 
tion.  Considering  the  higher  rate  of  metabolism  found  in  rodents  in 
general  compared  to  humans,  this  dose  could  be  considered  conservative. 
The  concentration  of  TCP  in  the  brain  approximately  doubled  between  the 
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first  and  21st  days  of  treatment.  After  21  days,  TCP  accumulation 
appeared  to  be  approaching  saturation  since  little  additional  drug  accu¬ 
mulated  between  days  21  and  42.  If  indeed  humans  do  have  a  slower  rate 
of  metabolism,  it  is  conceivable  that  the  saturation  level  of  TCP  in  the 
human  brain  is  less  than  21  days;  however,  this  may  be  offset  by  other 
factors,  for  example,  the  larger  relative  size  and  capacity  of  the  human 
versus  rodent  brain.  In  light  of  these  and  other  factors  that  determine 
drug  pharmacodynamics,  and  without  further  experimental  evidence,  pro¬ 
jections  of  saturation  times  in  human  brain  tissue  are  unwarranted. 

Although  drug  clearance  after  termination  of  treatment  was  not  exa¬ 
mined  in  the  present  study,  Bieck  and  Antonin  (1982)  estimated  the  half- 
life  of  TCP  clearance  in  humans  by  measuring  the  decrease  in  the  b.p. 
response  to  intravenous  tyramine  after  discontinuation  of  long-term  (4 
weeks)  TCP  treatment.  They  concluded  that  the  elimination  of  TCP  occurs 
in  two  distinct  phases:  a  fast  initial  phase  with  an  estimated  pharmaco¬ 
dynamic  half-life  of  1-2  days,  followed  by  a  slower  elimination  phase 
with  a  half-life  of  2-3  weeks. 

Thus,  TCP  accumulation  and  elimination  after  long-term  dosing 
are  biphasic.  The  drug  enters  the  brain  rapidly  after  the 
first  few  doses  and  accumulates  slowly  to  a  steady— state  level.  Con¬ 
versely,  after  cessation  of  dosing,  the  drug  levels  may  drop  rapidly  at 
first,  followed  by  a  slower  second  phase  of  elimination.  Although  the 
pressor  response  measurement  may  or  may  not  be  a  good  indicator  of  brain 
TCP  levels,  Bieck  and  Antonin  (1982)  also  reported  that  urinary  excre¬ 
tion  of  T  correlated  with  the  rise  and  fall  of  the  pressor  response  at 
the  initiation  and  cessation  of  TCP  treatment.  Therefore,  it  appears 
that  the  pressor  response  (and  T  excretion;  see  Section  IV. A. 2)  may  be 
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an  indication  of  MAO  inhibition. 

In  the  study  reported  here,  the  extent  of  MAO  inhibition  in  the 
brain  was  also  measured  during  chronic  TCP  treatment.  A  single  dose  of 
1  mg/kg  inhibited  both  forms  of  the  enzyme  by  approximately  87%.  This 
is  consistent  with  the  finding  of  Simpson  e_t  al.  (1983)  who  reported  a 
single  10  mg  dose  of  TCP  inhibited  human  platelet  MAO  activity  by  almost 
80%.  This  dose  of  TCP  would  be  (on  a  mg/kg  basis)  proportionately  even 
less  than  that  used  in  the  present  study.  Together,  these  results  indi¬ 
cate  that  clinical  and  even  subclinical  doses  of  TCP  given  acutely  inhi¬ 
bit  MAO  activity  enough  (80-90%)  to  produce  a  level  of  enzyme  inhibition 
that  is  within  the  therapeutic  range  (Robinson  et_  al. ,  1978)  within  the 
first  day  of  treatment.  This  range  of  enzyme  inhibition  is  also  suffi¬ 
cient  to  elevate  amine  levels  (see  below). 

Robinson  et^  al.  (1979)  reported  that  7.5  mg/kg  phenelzine  and  5 
mg/kg  TCP  inhibited  rat  brain  MAO  activity  (as  assessed  by  using  C^- 
tyramine  as  substrate)  by  95-98 %  within  the  first  week  of  dosing  (single 
daily  i.p.  dose).  They  also  reported  that  this  was  the  maximum  degree 
of  inhibition  obtained  after  chronic  (21-day)  treatment  with  these 
doses.  Therefore,  even  with  a  dose  5x  higher  than  that  used  in  the  pre¬ 
sent  study,  the  level  of  enzyme  inhibition  rarely  reaches  100%.  Similar 
results  were  obtained  in  the  present  study,  where  even  after  42  days  of 
TCP  treatment,  the  average  level  of  enzyme  inhibition  was  95.4%  and 
92.7%  for  MAO-A  and  MAO-B  respectively.  In  this  regard,  it  is  interest¬ 
ing  to  note  that  Shekhar  et  al.  (1982)  have  recently  described  a  clorgy- 
line-  and  deprenyl-insensitive  form  of  MAO  in  rat  brain.  This  MAO  acti¬ 
vity  was  found  in  the  soluble  fraction  of  rat  brain  homogenates.  The 
enzyme  was  not  inhibited  in  vivo  by  high  doses  of  clorgyline  or  deprenyl 
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(12  tng/kg  for  2  hrs).  In  contrast  to  the  mitochondrial  forms  of  the 
enzyme,  MAO  activity  associated  with  the  soluble  fraction  did  not  show 
the  usual  biphasic  dose-response  kinetics  with  clorgyline  when  kynur- 
amine  was  used  as  substrate.  They  speculated  that  "the  ineffectiveness 
of  some  MAOIs  may  be  attributed  to  the  fact  that  these  compounds  may  not 
be  inhibiting  the  enzyme  totally,  i.e.  both  the  mitochondrial  and  solu¬ 
ble  forms,  thereby  causing  only  partial  inhibition."  They  further  sug¬ 
gested  that  the  process  of  mitochondrial  inhibition  may  be  mediated 
through  specific  receptors  which  are  different  from  those  present  in  the 
soluble  fraction.  If  this  were  so,  it  would  indicate  that  the  soluble 
form  is  not  simply  another  form  or  isozyme  of  the  mitochondrial  MAO-A 
and  MAO-B  forms,  but  a  completely  different  enzyme. 

Another  observation  that  was  noted  in  the  present  study  was  the 
lack  of  specificity  of  TCP  between  MAO-A  and  MAO-B  after  acute  or  chron¬ 
ic  administration.  Although  TCP  is  generally  considered  a  non-specific 
inhibitor  (Knoll,  1980),  several  groups  have  reported  that  TCP  is  more 
selective  towards  MAO-B  (Collins  and  Sandler,  1971;  Donnelly  and  Murphy, 
1977).  In  the  present  study,  both  forms  were  inhibited  to  nearly  the 
same  extent  (within  2.7%)  of  one  another  throughout  the  chronic  treat¬ 
ment.  In  fact,  at  the  end  of  the  chronic  TCP  treatment  (42  days),  MAO-A 
was  inhibited  to  a  slightly  greater  extent,  although  at  no  time  period 
did  these  differences  reach  statistical  significance. 

One  would  expect  that  if  TCP  was  selective,  it  would  be  most  selec¬ 
tive  after  a  single  low  dose  (as  in  day  1  of  the  present  study)  since  it 
has  been  suggested  that  long-term  treatment  with  the  selective  inhibi¬ 
tors  clorgyline  and  deprenyl  decreases  selectivity  (Waldmeier  and 
Felner ,  1978;  Egashira  et  al^,  1976),  particularly  if  higher  doses  are 
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utilized.  In  addition,  the  immediate  and  sustained  increases  of  both 
the  MAO-A  specific  substrate  5-HT  and  the  MAO-H  specific  substrate  PEA 
in  the  brain  and  urine  are  further  proof  of  the  nonselective  properties 
of  TCP. 

2.  Effects  of  Acute  and  Chronic  Tranylcypromine  Treatment  on  Levels  of 

Biogenic  Amines 

The  response  of  the  trace  amines  to  chronically  administered  low 
doses  of  TCP  has  not  been  studied  previously.  The  results  obtained  in 
the  present  study  indicate  that  there  are  differences  in  the  response 
between  PEA  and  T  and  between  the  responses  in  the  brain  levels  and 
urinary  excretion  of  each  individual  amine. 

Brain  concentrations  of  PEA  increased  to  19x  those  of  control 
values  after  a  single  dose  of  1  mg/kg  of  TCP.  This  level  was  maintained 
throughout  the  42-day  dosing  period.  The  urinary  excretion  of  PEA  fol¬ 
lowed  a  different  course;  peak  levels  were  not  reached  on  the  first  day, 
but  were  attained  by  the  second  time  interval  (10  days)  studied.  It  is 
possible  that,  due  to  the  lipophilic  nature  of  TCP  and  its  rapid  entry 
into  the  brain,  brain  MAO  is  initially  and  preferentially  inhibited  over 
MAO  located  in  other  organs,  for  example,  liver  and  kidney.  It  is  known 
that  brain  tissue  contains  higher  concentrations  of  lipids  than  liver  or 

kidney  (Mcllwain  and  Bachelard,  1971). 

The  primary  route  of  formation  of  PEA  in  the  body  is  via  decarboxy¬ 
lation  of  phenylalanine  by  amino  acid  decarboxylase  ( AAD)  (Huebert, 
1980).  Considering  the  ubiquitous  distribution  of  AAD  and  phenylala¬ 
nine,  PEA  is  probably  formed  in  many  organs  of  the  body,  although  very 
low  levels  are  maintained  by  catabolism  by  MAO.  All  these  sources  would 


contribute  to  urinary  excretion  of  PEA.  Kuroum  et  nl .  (1979)  reported 
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that  there  was  no  diurnal  variation  in  urinary  excretion  of  PEA  (or  ra- 
and  j>- tyr amine ) ,  and  that  ingestion  of  200  grams  of  chocolate  containing 
1  mg  PEA  and  10  mg  of  j)-tyramine  did  not  significantly  alter  urinary 
excretion  of  these  amines.  They  concluded  that  PEA  and  j)-tyramine  were 
produced  from  endogenous  sources  and  that  the  direct  contribution  of  the 
diet  to  urine  excretion  was  small.  A  similar  case  exists  for  T,  which 
is  formed  by  the  action  of  AAD  on  tryptophan.  In  fact,  according  to 
Rodnight  (1961),  T  in  human  urine  is  derived  almost  entirely  from 
metabolism  in  the  kidney.  Bieck  and  Antonin  (1982)  noted 
that  the  excretion  of  T  in  human  urine  became  significantly  elevated 
after  the  cumulative  oral  dose  of  TCP  exceeded  0.6  mg/kg.  Their  inter¬ 
est  in  studying  T  excretion  stemmed  from  the  possibility  of  using  this 
parameter  as  a  simple,  noninvasive  measurement  of  MAO  inhibition,  parti¬ 
cularly  as  an  alternative  to  platelet  MAO  measurements,  which  are  inva¬ 
sive  and  reveal  no  direct  information  as  to  the  degree  of  MAO-A  inhibi¬ 
tion.  The  present  results  are  consistent  with  those  of  Bieck  and 
Antonin  (1982)  in  that  an  immediate  increase  in  T  excretion  was  seen  in 
the  rat  after  a  comparable  dose  of  TCP. 

Within  the  rat  brain,  the  highest  levels  of  both  PEA  and  T  are  pre¬ 
sent  in  the  striatum  (Durden  et^  al. ,  1973;  Philips  et^  al. ,  1974)  and  in 
the  hypothalamus  (Karoum  et  al.,  1979).  Philips  et  al.  (1978)  reported 
that  the  distribution  of  the  trace  amines  in  human  brain  is  similar  to 
that  observed  in  the  rat  brain.  Tryptamine  appears  to  be  most  concen¬ 
trated  in  the  basal  ganglia,  while  PEA,  although  present  in  relatively 
large  amounts  in  the  basal  ganglia,  is  more  evenly  distributed  through¬ 
out  the  brain.  It  was  also  suggested  that  the  relatively  homogenous 
distribution  of  PEA  may  be  due  to  the  greater  membrane  permeability  of 
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this  amine  compared  to  other  biogenic  amines. 

The  results  of  having  increased  levels  of  these  biogenic  amines 
maintained  over  a  long-term  drug  regimen,  such  as  is  typical  with  MAOIs, 
are  unknown.  The  brain  subregions  mentioned  above  are  intimately 
related  to  motor  output  (striatum)  and  to  appetite,  sleep,  and  sexual 
activities  (hypothalamus).  Monoamine  oxidase  inhibitors  are  known  to 
have  effects  on  all  of  these  parameters.  It  is  possible  that  the  trace 
amines  may  operate  to  amplify  these  effects,  and  hence  their  appellation 
as  neuromodulators  (Boulton,  1976;  Boulton,  1980). 

Brain  levels  of  5-HT  increased  after  a  single  injection  of  TCP  and 
continued  to  rise  throughout  the  first  21  days.  By  this  time  a  plateau 
had  been  reached.  As  stated  above,  brain  5-HT  levels  correlated  highly 
with  drug  concentration  throughout  the  entire  long-term  dosing  period. 
5-Hydroxy trypt amine  concentrations  did  not  correlate  as  well  with  MAO-A 
inhibition  (r  =  0.8003,  nonsignificant  p  >  0.05).  This  lack  of  signifi¬ 
cant  correlation  could  be  due  to  the  fact  that  brain  5-HT  concentrations 
varied  over  a  wide  range,  while  MAO  inhibition  varied  over  a  very  narrow 
range;  hence  a  good  correlation  would  be  difficult  to  show. 

The  trend  observed  in  5-HT  levels  over  the  course  of  long-term  TCP 
treatment  is  not  in  accordance  with  that  reported  by  Robinson  eit  al. 
(1979).  In  their  study,  rats  were  treated  daily  with  a  single  i.p.  dose 
of  5  mg/kg  of  TCP  or  7.5  mg/kg  or  15  mg/kg  of  phenelzine  for  up  to  42 
days.  They  report  that  "for  all  drug  treatments,  5-HT  levels  were  maxi¬ 
mum  at  7  days,  with  increases  ranging  from  3-fold  with  low-dose  phenel¬ 
zine  administration  to  8-  to  10-fold  increases  with  high  dose  phenelzine 
and  TCP.  With  low  dose  phenelzine  and  TCP,  5-HT  levels  had  returned 
nearly  to  control  levels  by  14  days  of  treatment,  while  with  high  dose 
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phenelzine  there  was  a  more  gradual  decline  over  six  weeks."  Campbell 
et  al.  (1979)  obtained  similar  results  using  clorgyline  at  high  (1 
mg/kg)  and  low  doses  (0.5  mg/kg).  They  observed  minimal  changes  in  5-HT 
levels  at  the  high  clorgyline  dose  after  a  single  dose,  but  after  14 
days  of  administration  (single  daily  i.p.  injection)  both  high  and  low 
doses  of  clorgyline  produced  significant  (2-fold)  increases.  However, 
they  reported  that  within  the  following  7  days  (21  days  of  dosing)  5-HT 
levels  had  returned  to  control  values.  Two  doses  of  pargyline  (4  mg/kg/ 
day  and  1  mg/kg/day)  were  also  administered  for  21  days.  With  the 
higher  dose  of  pargyline,  5-HT  levels  were  significantly  elevated  at  21 
days,  while  the  low  dose  produced  a  significantly  lower  5-HT  concentra¬ 
tion  compared  to  controls  at  21  days.  It  was  proposed  that  the  loss  of 
specificity  with  4  mg/kg/day  dose  of  pargyline  produced  increased  5-HT 
levels  after  chronic  dosing,  while  no  explanation  was  given  for  a  signi¬ 
ficant  decrease  in  the  low-dose  pargyline  group. 

Robinson  et^  al.  (1979)  suggested  that  adaptive  changes  in  trypto¬ 
phan  hydroxylase  activity  may  occur  during  the  declining  phase  of  5-HT 
concentrations.  However,  they  found  no  change  in  the  activity  of  this 
enzyme  over  the  course  of  long-term  TCP  treatment.  Campbell  ert  al. 
(1979)  also  reported  no  change  in  tryptophan  hydroxylase  activity  after 
long-term  treatment  with  clorgyline  or  pargyline. 

However,  Robinson  et  al.  (1979)  did  report  an  increase  in  the  acti¬ 
vity  of  AAD.  This  appears  to  be  a  paradoxical  finding  by  these  re¬ 
searchers  since  they  report  a  decline  in  5-HT  concentrations  after  1 
week.  An  increase  in  AAD  would  be  compatible  with  the  results  obtained 
in  my  study,  particularly  since  increased  tryptophan  availability  has 
been  reported  to  increase  5— HT  levels  in  the  CNS  (Warsh  et  al . ,  1979). 
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Tabakoff  and  Moses  (1976)  reported  that  TCP  raises  tryptophan  levels  in 
mouse  brain.  Surprisingly,  pargyline  given  at  a  dose  which  increases 
brain  5-HT  to  approximately  the  same  level  as  in  the  TCP-treated  mice 
had  no  effect  on  tryptophan  levels.  Considering  this  effect,  and  the 
fact  that  TCP,  but  not  phenelzine,  produced  an  increase  in  AAD  activity 
in  the  study  by  Robinson  et^  al .  (1979),  one  could  speculate  that  the 
induction  of  AAD  and  possibly  an  elevation  in  tryptophan  may  be  a  selec¬ 
tive  effect  of  TCP.  Thus,  in  the  studies  of  Robinson  et  al.  (1979)  and 
Campbell  ejt  al.  (1979)  it  is  unclear  why  5-HT  levels  returned  to  base¬ 
line  values,  considering  that  (1)  MAO  was  inhibited  greater  than  95% 
throughout  the  chronic  treatment  periods,  (2)  there  was  no  change  in 
tryptophan  hydroxylase  activity,  and  (3)  TCP  induced  a  paradoxical 
increase  in  AAD  and  possibly  in  tryptophan  availability  after  long-term 
treatment. 

Although  the  dose  of  TCP  used  in  the  present  study  was  lower  than 
that  of  Robinson  £t  al.  (1979)  (1  mg/kg  vs.  5  mg/kg),  it  is  unlikely 
that  this  was  a  factor  in  the  discrepancy.  It  could  be  hypothesized 
that  by  using  a  smaller  dose  the  time  of  the  decline  in  5-HT  may  be 
delayed.  However,  two  observations  argue  against  this:  (1)  no  decline 
in  5-HT  concentrations  was  apparent  in  the  present  study,  even  after  42 
days  of  dosing,  and  (2)  the  results  of  the  high  and  low  dose  phenelzine 
experiments  of  Robinson  et  al.  (1979)  indicate  that  lower  doses  of  MAOIs 
may  expedite  this  trend  rather  than  delay  it,  i.e.  the  return  of  5-HT 
levels  to  control  values  occurred  earlier  in  the  low-dose  phenelzine 
group  compared  with  the  high-dose  phenelzine  group. 

Another  anomaly  between  the  present  study  and  that  of  Robinson  et 
al.  (1979)  was  the  difference  in  the  maximum  5-HT  values  observed.  In 
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ray  study,  maximum  5-HT  concentrations  (at  42  days)  were  1081  ng/g  (2.4x 
control  values)  while  those  of  Robinson  et  al.  (1979)  were  approximately 
3300  ng/g  (control  values  not  reported).  Although  the  dose  In  the  lat¬ 
ter  study  was  higher,  similar  studies  utilizing  a  dose  even  higher  (10 
mg/kg)  than  that  of  Robinson  e^  al .  (5  mg/kg)  and  an  identical  time  of 
sacrifice  after  injection  (6  hr)  indicate  a  maximum  5-HT  level  of  2500 
ng/g  after  19  days  of  dosing  (Baker,  LeGatt,  and  Coutt6,  unpublished 
observations) . 

Two  other  studies  have  examined  the  effects  of  long-term  admini¬ 
stration  of  MAOIs  on  brain  5-HT  levels.  Waldmeier  et^  al.  (1981)  exa¬ 
mined  the  effects  of  chronic  low  dose  (0.3  mg/kg)  clorgyline  treatment 
on  biogenic  amines  in  rat  brain  subregions.  They  stated  that  "noradren¬ 
aline  and  serotonin  levels  were  markedly  and  simultaneously  increased 
with  a  concomitant  small  decrease  in  biosynthesis.  In  no  case  did  we 
find  a  reversal  of  these  effects  in  the  course  of  21  days'  treatment." 
They  also  stated  that  "clorgyline  and  other  irreversible  inhibitors  have 
similar  effects  on  HA0  activity  in  the  whole  brain  and  in  areas  like  the 
corpus  striatum,  hypothalamus,  cortex  and  brain  stem."  Although  regula¬ 
tion  of  the  synthesis  and  utilization  of  biogenic  amines  may  differ  from 
one  area  to  another,  it  appears  from  additional  studies  done  by  this 
group  that,  despite  a  moderate  decrease  in  tryptophan  hydroxylase  acti¬ 
vity  in  all  subregions,  increases  in  5-HT  levels  were  uniform  throughout 
the  different  brain  subregions  studied. 

Savage  et  al.  (1980)  examined  the  effects  of  chronic  MAOIs  and  5-HT 
reuptake  inhibitors  on  brain  5-HT  levels  and  on  -^H-5-HT  binding  sites  in 
rat  brain.  They  administered  the  MAOIs  nialamide,  clorgyline,  deprenyl, 
pargyline,  or  TCP  or  the  5-HT  reuptake  inhibitors  amitriptyline,  chlor- 
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imip r amine ,  or  fluoxetine  to  rats  for  up  to  16  days.  Treatment  with 
inhibitors  of  5-HT  reuptake  did  not  change  the  specific  binding  of  ^H-5- 
HT  in  either  cerebral  cortex  or  hippocampus,  nor  did  they  produce  any 
consistent  alterations  in  5-HT  concentrations.  In  contrast,  MAOIs  cap¬ 
able  of  inhibiting  MAO-A  or  nonselective  MAOIs  significantly  decreased 
^H-5-HT  binding  after  both  4  and  16  days  of  treatment.  These  effects 
were  not  observed  after  1-3  days  of  dosing.  The  reduction  in  5-HT  bind¬ 
ing  sites  was  due  to  a  decrease  in  the  maximum  number  of  binding  sites 
with  no  change  in  affinity  of  the  binding  site  for  5-HT.  In  addition, 
MAOIs  caused  significant  elevations  in  brain  5-HT  levels  at  all  time 
intervals  (except  for  nialamide-treated  rats,  specific  5-HT  concentra¬ 
tions  were  not  reported). 

The  profile  of  5-HT  in  the  brain  in  response  to  chronic  TCP  treat¬ 
ment  observed  in  the  present  study  coincides  with  the  profile  observed 
with  the  brain  levels  of  the  drug.  The  plateauing  point  for  both  of 
these  is  approximately  15-20  days,  a  time  which  corresponds  to  the  typi¬ 
cal  time  required  for  the  onset  of  clinical  efficacy  to  become  appar¬ 
ent.  Robinson  £t  al.  (1973)  have  reported  that  a  group  of  phenelzine- 
treated  patients  reached  a  therapeutic  plateau  by  the  fourth  week  of 
treatment;  60%  of  the  ultimate  clinical  improvement  in  depressive  symp¬ 
toms  occurred  by  the  end  of  the  second  treatment  week.  Minimal  changes 
were  seen  between  4-6  weeks  of  treatment. 

Thus  it  appears  that  during  chronic  low-dose  TCP  administration, 
brain  drug  levels,  brain  5-HT  levels,  and  the  reported  onset  of  clinical 
improvement  all  culminate  at  approximately  the  same  time  (10—15  days 
after  initiation  of  treatment). 
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IV. B.  Administration  of  Tranylcypromine  Isomers 

1 •  Disposition  of,  and  Monoamine  Oxidase  Inhibition  by,  Tranylcypro~ 

mine  Isomers 

There  are  substantial  differences  in  the  disposition  of  the  (+)- 
and  (~)”isomers  of  TCP  in  rat  brain;  (— )— TCP  enters  the  brain  faster, 
attains  a  higher  peak  concentration,  and  is  subsequently  cleared  faster 
than  (+)~TCP.  The  half-life  of  (+)-TCP  is  approximately  double  that  of 
(~)“TCP  on  the  basis  of  the  results  obtained.  It  can  be  calculated  that 
(-)-TCP  would  be  99%  cleared  from  the  brain  within  318  min  (7  half- 
lives)  while  (+)-TCP  would  require  609  min  to  decrease  to  the  same 
level.  Thus  the  biphasic  elimination  kinetics  seen  after  chronic  admin¬ 
istration  are  not  apparent  after  single  doses. 

The  present  results  are  in  partial  agreement  with  those  of  Lang  et 
al.  (1979)  who  studied  the  disposition  of  TCP  isomers  in  10  volunteers 
given  20  mg  of  (+)-  or  (-)-TCP.  Levels  of  isomers  of  TCP  were  monitored 

in  plasma  over  8  hr  and  in  24  hr  urine  collections.  In  apparent  agree¬ 
ment  with  the  results  obtained  in  the  present  study  on  brain,  Lang  et 
al .  (1979)  observed  that  (-)-TCP  enters  the  blood  circulation  more  rap¬ 
idly  and  attains  a  higher  peak  plasma  concentration  than  the  (+)-isomer. 
However,  they  reported  that  (-)-TCP  appears  to  be  metabolized  and  eli¬ 
minated  more  slowly  than  (+)-TCP,  a  finding  not  in  agreement  with  the 
present  study.  They  also  state,  "in  the  urine  collected  over  a  period 
of  24  hr,  the  excretion  rate  of  unmetabolized  (+)-TCP  was  lower,  probab¬ 
ly  resulting  from  the  greater  metabolization  rate  of  this  isomer."  The 
phrase  "probably  resulting  from  the  greater  metabolization  rate  of  this 
isomer"  is  speculative,  since  neither  they  nor  others  have  provided  any 
evidence  that  there  is  a  difference  in  metabolism  between  the  two  iso¬ 
mers.  However,  the  results  from  their  urine  data  could  be  interpreted 
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as  being  in  agreement  with  the  results  obtained  in  the  present  study,  in 
that  (+)-TCP  appears  to  be  cleared  from  the  brain  more  slowly  than  the 
(”)  isomer  and  would  therefore  most  likely  be  excreted  in  the  urine  more 
slowly*  More  extensive  metabolic  and  pharmacokinetic  studies  and  cor¬ 
relations  between  brain,  blood,  and  urine  are  required  before  more 
definitive  statements  can  be  made. 

The  differential  MAO-inhibiting  properties  of  TCP  isomers  were  most 
obvious  in  the  in  vitro  experiments  where  it  was  found  that  the  IC50 
value  for  the  (+)-isomer  (0.16  pM)  was  almost  20x  less  than  that  for  the 
(-)-isomer  (3.00  p  M)  in  the  case  of  MAO-A,  and  almost  30x  less  in  the 
case  of  MAO-B  (0.10  pM  vs.  2.77  pM).  These  results  are  in  very  good 
agreement  with  those  of  Fuentes  et^  al.  (1976)  who  found  that  between  10- 
60x  higher  concentrations  of  (-)-TCP  were  required  to  block  enzyme  act¬ 
ivity  by  50%,  depending  upon  the  amine  substrate  used.  However,  unlike 
the  present  results,  Fuentes  et  al.  (1976)  found  that  both  isomers  inhi¬ 
bited  MAO-B  significantly  greater  than  MAO-A  (p  <  0.05).  Although  the 
IC50  values  for  both  isomers  were  lower  for  MAO-B  than  for  MAO-A  in  the 
present  study,  the  difference  was  not  statistically  significant  (p  > 
0.05). 

In  light  of  these  drastic  changes  induced  by  small  changes  in  chem¬ 
ical  structure,  it  is  interesting  to  compare  the  absolute  configurations 
of  the  TCP  isomers  to  other  MAO-inhibiting  drugs.  Riley  and  Brier 
(1972)  have  deduced  that  the  absolute  configuration  of  (+)-TCP  is 
1S:2R.  This  corresponds  to  the  absolute  configurations  (S)  of  the 
reversible  MAOI  (+)-AMP  (Granna  and  Lilia,  1959)  and  the  irreversible 
MAO I  pheniprazine  (Bernstein  et  aL ,  1959).  A  structure-activity  rela¬ 
tionship  (SAR)  study  (Zirkle  et  al. ,  1962)  has  demonstrated  that  the 
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major  binding  moieties  of  this  class  of  MAOIs  are  the  phenyl  and  amino 
groups.  It  was  also  concluded  that  the  inhibitory  activity  of  arylcy- 
clopropyl  compounds  is  related  to  the  ability  of  the  phenyl  group  to 
approach  coplanarity  with  the  C-2,  C-3  atoms  of  the  cyclopropane  ring. 
Neville  et  al.  (1971)  have  reported  that  the  conformational  analysis  of 
AMP  as  deduced  by  NMR  indicates  a  preferred  anti-conformation  of  the 
phenyl  and  amino  groups.  The  anti-conformation,  in  which  the  amino 
group  is  above  the  plane  of  the  benzene  ring  and  with  the  side  chain 
fully  extended,  corresponds  to  the  trans-conformation  of  TCP  (Horn  and 
Snyder,  1972).  Figure  29  illustrates  the  spatial  relationships  between 
AMP  and  TCP  isomers  more  clearly.  Finally,  Miller  and  Clarke  (1978) 
have  shown  that  (+)-AMP  is  4-fold  more  potent  in  inhibiting  MAO-A  than 
is  (-)-AMP  (no  difference  was  observed  between  the  two  isomers  in  abil¬ 
ity  to  inhibit  MAO-B). 

Thus  (+)-TCP  and  (+)-AMP  have  been  shown  to  possess  the  same  abso¬ 
lute  configuration  and  conformation  in  addition  to  displaying  stronger 
MAO-inhibiting  potencies  over  their  respective  (-)-isomers.  It  is  pro¬ 
bable  that  pheniprazine  also  exists  in  the  anti-configuration  and  hence 
would  also  fit  this  stereochemical  pattern. 

The  structural  and  stereochemical  correlations  found  to  exist  for 
the  MAO-inhibitory  activity  of  TCP,  AMP,  and  pheniprazine  suggest  very 
specific  3-dimensional  structures  are  required  for  MAOIs.  The  resem¬ 
blance  of  the  inhibitor (s)  to  the  substrate(s)  is  obvious  with  the  older 
MAOIs,  but  this  feature  is  less  obvious  with  some  of  the  newer  reversi¬ 
ble  MAOIs  (see  Figure  1).  In  addition,  the  rigidity  of  the  cyclopropyl 
ring  of  TCP  undoubtedly  enhances  the  drug-receptor  interaction  and  con¬ 
sequently  the  MAO-inhibiting  ability  of  both  TCP  isomers.  Stereochemi- 
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trans-2-phenyl- 
cyclopropyl amine 


cis-2- phenyl- 
cyclop  ropy  1  amine 


Figure  29.  The  stereochemical  relationship  between  A.  the  cis- 
trans  isomers  of  2-phenylcyclopropy lamine  and  B. 
the  optical  isomers  of  tranylcypromine.  In  all  four 
structures  depicted,  the  CH2  group  of  the  cyclopro¬ 
pyl  ring  extends  out  of  the  plane  of  the  paper  to¬ 
wards  the  reader. 
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cal  considerations  of  TCP  isomers  will  be  discussed  further  in  Section 
IV. B. 3. 


2 •  Response  of  Biogenic  Amines  to  Tranylcypromine  Isomers 

The  differential  response  of  the  MAO-B  substrate  PEA  to  TCP  isomers 
can  be  explained  on  the  basis  of  the  greater  MAO-inhibiting  properties 
of  the  (+)-isomer.  The  (+)-isomer  dramatically  elevated  PEA  levels  at 
all  time  intervals  after  administration.  In  contrast,  the  (-)-isomer 
did  not  increase  PEA  at  any  time  interval  and  in  fact  significantly 
decreased  PEA  levels  at  the  6.0  hr  time  period.  The  reasons  for  this 
decrease  in  PEA  concentrations  are  unclear  at  this  time.  Intraperiton- 
eal  injection  of  (i)-TCP  at  a  dose  of  20  mg/kg  (McKim  al. ,  1980)  and 
intraventricular  injection  of  (-)-TCP  (Reigle  et^  al. ,  1980)  have  been 

reported  to  cause  a  decrease  in  brain  levels  of  NE  under  acute  condi¬ 
tions;  these  decreases  were  thought  to  be  due  to  the  releasing  effects 
of  TCP  on  NE.  It  is  conceivable  that  a  similar  effect  could  be  occur¬ 
ring  with  PEA,  but  our  knowledge  about  the  storage  of  PEA  is  too  inade¬ 
quate  at  this  time  to  permit  us  to  make  such  a  statement  with  confi¬ 
dence.  Karoum  et^  al .  (1979)  reported  a  bimodal  distribution  of  PEA  in 
rat  brain,  i.e.  some  rats  had  brain  levels  of  this  amine  of  about  10 
ng/g,  while  others  had  levels  which  were  much  lower.  A  similar  situa¬ 
tion  has  been  found  in  the  present  study,  and  it  may  be  that  all  or  most 
of  the  members  of  the  group  of  rats  under  consideration  had  control  val¬ 
ues  of  PEA  in  the  low  range.  Thus  the  variability  encountered  in  the 
levels  of  endogenous  PEA  amplifies  the  difficulties  involved  in  the 
interpretation  of  findings  of  decreased  PEA  levels  with  (-)-TCP. 

The  TCP  isomers  produced  quite  different  effects  on  brain  5-HT  lev- 
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els  compared  to  their  effects  on  PEA.  First,  the  (+)-isomer  signifi¬ 
cantly  increased  5-HT  concentrations  above  control  values  at  all  time 
intervals,  as  was  observed  with  PEA.  However,  unlike  the  response  of 
PEA,  brain  5-HT  levels  continued  to  increase  throughout  the  first  6  hr 
after  administration,  although  at  each  successive  time  interval  the  5-HT 
concentration  was  not  significantly  greater  than  that  at  the  interval 
immediately  preceding.  The  opposite  trend  was  observed  with  PEA,  where 
the  highest  concentration  was  apparent  0.5  hr  after  injection  and  then 
decreased  during  the  ensuing  5.5  hr.  Again,  only  a  trend  was  observed 
since  none  of  these  groups  (time  intervals)  were  significantly  different 
from  each  other.  The  reasons  for  the  slower  and  less  dramatic  response 
of  5-HT  compared  to  PEA  may  be  due  to  (a)  the  slower  turnover  rate  of 
5-HT  relative  to  PEA  (Durden  and  Philips,  1980)  and  (b)  the  slightly 
lower  level  of  inhibition  of  MAO-A  compared  to  MAO-B  apparent  at  most 
time  intervals  in  the  vivo  MAO  experiments.  The  reasons  for  the 
trend  towards  decreasing  PEA  concentrations  are  not  as  obvious.  Several 
hours  is  not  enough  time  for  synthesis  of  new  enzyme  since  it  has  been 
shown  that  the  turnover  of  MAO  is  approximately  12  days  (Gordis  and 
Neff,  1971).  However,  Maitre  et  al.  (1976)  have  proposed  that  there  may 
be  two  pools  of  MAO.  In  addition  to  the  mitochondrial  MAO  they  term 
"bulk  MAO,"  they  claim  to  have  evidence  for  a  small  pool  of  MAO  charac¬ 
terized  by  a  rapid  turnover  (12-18  hrs)  and  relative  resistance  to  inhi¬ 
bition.  Evidence  to  support  their  claim  is  the  observation  that  when 
radiolabelled  MAO  substrate  precursors  (e.g.  L-dopa)  are  injected  into 
rats  pretreated  with  MAOIs,  they  accumulate  in  the  brain  in  much  greater 
amounts  than  in  rats  not  pretreated  with  MAOIs.  This  effect,  however, 
is  of  considerably  shorter  duration  (half-life  12-18  hrs,  depending  upon 
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the  inhibitor  used)  than  MAO  inhibition  (half-life  2.5-12  days).  The 
observation  of  the  present  study,  that  there  may  be  a  trend  towards  a 
return  to  baseline  levels  of  PEA  within  several  hours  after  injection  of 
(+)-TCP,  tends  to  support  the  hypothesis  of  Maitre  £t  al.  (1976)  that 
there  is  a  small  pool  of  MAO  with  a  rapid  turnover.  In  addition,  one 
could  speculate  that  this  pool  may  be  composed  primarily  of  MAO-B  since 
PEA,  but  not  5-HT,  levels  show  a  trend  towards  control  values  within  6 
hr  and  that  this  trend  also  reflects  the  greater  turnover  rate  of  PEA 
versus  5-HT. 

Rather  interesting  results  were  obtained  with  (-)-TCP.  At  0.5  hr, 
5-HT  levels  were  not  elevated  above  controls,  but  by  1.5  hrs  they  were 
significantly  elevated.  This  corresponds  to  a  low  level  of  MAO-A  inhi¬ 
bition  (23.0%)  at  0.5  hr  with  an  increase  to  43.8%  by  1.5  hr.  This 
level  of  inhibition  remains  approximately  constant  up  to  6  hr.  The  5-HT 
concentrations  were  highest  at  the  6  hr  interval  (significantly  elevated 
above  controls).  These  results  are  contrary  to  those  of  Smith  and 
Petersen  (1982)  who  found  no  elevations  of  brain  5-HT  levels  after 
administration  of  1.5,  10,  15  and  30  mg/kg  of  (-)-TCP,  although  these 
same  doses  of  (+)-TCP  all  did  produce  significant  elevations  of  brain 
5-HT  levels.  However,  the  rats  in  their  study  were  all  pretreated  with 
a  high  dose  of  reserpine  (10  mg/kg)  which  very  likely  could  have  ob¬ 
scured  more  subtle  (but  possibly  significant)  increases  in  5-HT  induced 
by  (-)-TCP. 

Interestingly,  results  from  the  present  study  indicate  that  inhibi¬ 
tion  of  brain  MAO-A  by  40-50%  is  sufficient  to  substantially  increase 
5-HT  concentrations  in  the  brain.  Luine  and  Fischette  (1982)  have  pro¬ 
vided  evidence  that  low  levels  of  inhibition  of  MAO-A  are  behaviorally 
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effective  when  inhibition  is  localized  to  the  hypothalamus.  They  stud¬ 
ied  inhibition  of  lordosis  behavior  in  estrogen-primed  female  rats  by 
intrahypothalamic  implants  of  pargyline.  Their  results  show  that  pargy- 
line  applied  directly  to  the  hypothalamus  results  in  antagonism  of  beha¬ 
vior  at  much  lower  levels  of  MAO  inhibition  than  does  peripheral  admin¬ 
istration.  Lordosis  responding  was  antagonized  when  hypothalamic  MAO 
activity  was  inhibited  by  40%. 

The  response  of  5-HT  to  decreases  of  MAO  activity  of  40-50%  may  be 
restricted  to  certain  brain  areas  such  as  the  hypothalamus,  but  it  is 
more  likely  that  this  phenomenon  is  ubiquitous  since  there  is  no  indica¬ 
tion  that  there  are  differences  in  inhibition  kinetics  of  MAO-A  in  dif¬ 
ferent  brain  regions. 

In  light  of  this,  it  is  possible  that  environmental  factors  (e.g., 
stress,  diet,  or  hormonal  factors)  could  influence  MAO  activity.  A  sub¬ 
stantial  body  of  evidence  has  accumulated  that  indicates  that  gonadal 
hormones,  particularly  estrogen,  can  influence  MAO  activity.  Kueng  et 
al.  (1976)  have  shown  that  both  MAO  activity  and  5-HT  levels  change  dur¬ 
ing  the  estrous  cycle,  and  that  there  may  be  a  relationship  between  the 
two.  Luine  and  Paden  (1982)  state  that  "the  magnitude  of  the  physiolog¬ 
ical  changes  in  the  5-HT  systems  are  much  smaller  than  the  those 
observed  here.  However,  since  gonadal  hormone  effects  on  the  serotoner¬ 
gic  system  appear  to  involve  both  pre-  and  post-synaptic  changes  occur¬ 
ring  together,  changes  in  several  parameters  may  act  synergistically  to 
affect  behavior.  In  addition,  evidence  presented  in  the  following  paper 
indicates  that  much  lower  levels  of  MAO  inhibition  are  behaviorally 
effective  when  inhibition  is  localized  to  the  hypothalamus.  In  fact, 
the  decline  of  MAO  activity  following  central  application  of  pargyline 
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is  within  the  range  of  physiological  changes  that  occur  during  the 
estrous  cycle.” 

In  a  subsequent  report  (Luine  and  Paden,  1982),  it  was  demonstrated 
that  a  clear  dose-response  relationship  exists  between  decreases  in  lor¬ 
dosis  and  increases  in  preoptic  hypothalamic  5-HT  levels.  In  addition, 
stereotaxic  application  of  5-HT  receptor  blockers  (methysergide ,  cinan- 
serin)  or  PCPA  to  the  preoptic  hypothalamic  area  or  lesions  of  ascending 
5-HT  pathways  all  facilitate  lordosis  responding  in  estrogen-treated 
female  rats  (Zemlan  et  al.,  1973). 

Luine  and  Paden  (1982)  also  measured  preoptic  hypothalamic  MAO 
activity  and  5-HT  levels  after  administration  of  a  variety  of  MAO  inhi¬ 
bitors.  Most  of  their  drug  treatments  inhibited  MAO-A  activity  by  90% 
or  greater  and  increased  5-HT  significantly.  However,  50  mg/kg  of  par- 
gyline  plus  60  mg/kg  of  harmaline  (a  reversible  MAO-A  inhibitor)  inhi¬ 
bited  MAO-A  by  approximately  30%  and  elevated  5-HT  slightly  but  not  sig¬ 
nificantly  (p  <  0.01)  above  control  values.  These  data  along  with  data 
obtained  from  the  present  study  indicate  that  inhibition  of  MAO-A  by  40- 
50%  may  be  the  critical  level  of  inhibition  required  to  influence  brain 
5-HT  concentrations. 

An  important  implication  of  these  results  is  that  5-HT  levels  may 
be  more  responsive  to  low  levels  of  MAO  inhibition  than  was  previously 
thought.  It  has  been  widely  accepted  that  80-90%  inhibition  is  the  min¬ 
imum  required  for  therapeutic  response  (Robinson  et^  al . ,  1978)  and  to 
affect  amine  levels  (Green  et_  al. ,  1977).  In  addition,  these  results 
may  help  to  corroborate  findings  by  others  of  altered  physiological  and 
biochemical  parameters  seen  in  normal  persons  with  low  platelet  MAO-B 
activity.  For  example,  Kleinman  et  al.  (1979)  have  reported  that  a  cor- 
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relation  exists  between  low  platelet  MAO  activity  and  high  plasma  pro¬ 
lactin  concentrations  (DA  is  inhibitory  towards  prolactin  release  in  the 
pituitary).  It  appears  that  there  is  a  threshold  beneath  which  platelet 
MAO  activity  is  associated  with  plasma  prolactin  concentrations.  In 
persons  with  high  platelet  MAO  activity,  no  correlation  was  found. 
Mendelson  et  al .  (1979)  reported  that  persons  with  low  platelet  MAO  act¬ 
ivity  had  significantly  more  total  REM  sleep  time  and  REM  density  that 
persons  with  high  platelet  MAO  activity. 

Thus  it  appears  that  low  to  moderate  reductions  in  MAO-A  or  MAO-B 
activity,  either  produced  pharmacologically  or  due  to  inherently  low 
activity  in  normal  people,  may  have  important  physiological  consequences 
that  are  not  yet  fully  understood. 

3 •  Effects  of  Tranylcypromine  Isomers  on  Inhibition  of  Reuptake  and 

Release  of  Neurotransmitters 

Both  TCP  isomers  inhibited  the  reuptake  of  tritiated  DA,  NE,  and 
5-HT  in  neuronal  prisms.  With  all  3  neurotransmitters  tested,  (-)-TCP 
was  the  more  potent  of  the  two  isomers.  The  highest  degree  of  selecti¬ 
vity  was  seen  with  DA.  These  results  are  in  agreement  with  those  of 
Horn  and  Snyder  (1972)  who  also  reported  that  the  (-)-isomer  was  a 
stronger  inhibitor  of  catecholamine  reuptake  in  rat  brain. 

The  simplest  form  of  stereoselectivity  is  based  on  the  so-called 
three  point  attachment  to  the  receptor  (Tuomisto,  1978).  If  the  mole¬ 
cule  binds  to  the  receptor  through  3  groups  whose  positions  £re  not 
interchangeable,  the  enantiomer  (mirror  image  isomer)  of  the  molecule  is 
not  able  to  bind  to  the  receptor  in  the  same  manner. 

At  least  one  other  MAOI  which  contains  a  chiral  center,  and  thus 


- 


145 


exists  in  2  stereoisomeric  forms,  has  been  shown  to  possess  differential 
MAO- inhibiting  and  amine  reuptake-inhibiting  abilities  between  the  two 
isomers.  (-)-Deprenyl  is  a  potent  and  specific  MAO-B  inhibitor;  (+)- 
deprenyl  is  less  potent  as  an  MAO  inhibitor  but  has  stronger  amine  reup— 
take- inhibiting  properties  than  the  (-)-isomer  (Knoll,  1976).  The  abso¬ 
lute  conformation  of  deprenyl  has  not  been  elucidated. 

As  stated  previously  (Section  IV.B.l),  (+)-TCP  corresponds  stereo- 
chemically  to  (+)-AMP  and  both  of  these  compounds  are  more  potent  inhi¬ 
bitors  of  MAO  than  their  corresponding  (-)-isomers.  However,  unlike 
(-)-TCP,  which  is  the  stronger  of  the  two  TCP  isomers  in  inhibiting 
reuptake  and  stimulating  release  of  amines,  (+)-AMP  is  also  the  stronger 
AMP  isomer  in  inhibiting  reuptake  and  facilitating  release  of  amines 
(Horn  and  Snyder,  1972). 

Tranylcypromine  is  particularly  well  suited  to  studies  on  neuro¬ 
transmitter  dynamics,  including  elucidation  of  amine  uptake  sites.  Con¬ 
ventional  SAR  studies  on  phenylalkylamines  or  indolealkylamines  are  only 
of  limited  value  for  conformational  analysis,  since  these  compounds  have 
flexible  side-chains  capable  of  assuming  an  infinite  number  of  posi¬ 
tions.  Although  the  conformational  analysis  of  these  amines  by  various 
mathematical  methods  may  reveal  that  certain  conformations  are  more 
favorable  than  others,  the  energy  differences  between  the  conformations 
are  very  small,  e.g.  1-2  Kcal/mole  (Grol  and  Rollema,  1977).  Since 
freely  rotating  molecules  cannot  be  used  to  reveal  the  conformation 
necessary  for  binding  to  the  receptor,  various  rigid  derivatives,  such 
as  the  TCP  isomers,  have  been  used  to  give  more  definitive  information 
as  to  the  characteristics  of  amine  uptake  sites.  Other  rigid  molecules 
used  to  study  amine  uptake  include  2-aminoindanes  (Horn  and  Snyder, 
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1972),  trans-decalin  derlvatlvea  (Tuomisto  et  al.,  1976),  and  2-amino- 
benzobicyclo(2, 2,2)octene  isomers  (Grunewald  et  al.  ,  1976).  All  these 
compounds  are  rigid  analogs  of  AMP. 

A  major  drawback  of  these  SAR  studies  is  that  incorporation  of 
additional  groups  into  the  basic  phenylethylamine  or  AMP  structure  ren¬ 
ders  them  bulkier  and,  in  many  cases,  changes  the  lipophilicity  drama¬ 
tically.  Also,  many  of  these  analogs,  due  to  the  presence  of  additional 
chiral  centers,  are  diastereomers ,  and  hence  their  physicochemical  pro¬ 
perties  may  differ  substantially  from  their  endogenous  substrates.  This 
makes  it  difficult  to  determine  whether  it  is  the  change  in  conformation 
or  the  change  in  the  physicochemical  characteristics  which  causes  the 
altered  pharmacological  effect. 

Despite  the  limitations  of  some  of  these  studies,  the  following 
general  conclusions  can  be  drawn  with  regard  to  biogenic  amine  uptake 
sites:  (1)  Some  basic  features  are  obligatory  for  a  molecule  to  bind  to 
the  uptake  site.  These  include  a  protonated  N  atom  separated  by  1  or  2 
carbon  units  from  a  phenyl  ring.  An  additional  ancillary  group  alpha  to 
the  N  atom,  such  as  the  methyl  group  of  AMP  or  the  various  structures  of 
the  rigid  analogs,  can  greatly  increase  the  capacity  for  inhibition  of 
uptake  and/or  releasing  of  biogenic  amines.  (2)  Some  stereochemical 
features  can  profoundly  affect  the  pharmacological  activity  of  a  mole¬ 
cule,  while  others  appear  to  have  minimal  influence.  For  example,  the 
work  of  Horn  and  Snyder  (1972)  has  shown  that  the  conformation  of  TCP 
isomers  has  a  dramatic  effect  on  amine  uptake  inhibition.  The  cis  iso¬ 
mer  of  TCP  ( cis-2-phenylcyclopropylamine)  is  600x  less  potent  than  the 
trans  isomer  (TCP)  in  inhibiting  NE  reuptake  in  the  hypothalamus.  One 
could  assume  that  the  trans  or  anti  conformation  (inherent  in  both 
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optical  lBomers  of  TCP)  is  one  of  the  most  Important  stereochemical  fea¬ 
tures  of  Inhibitors  of  reuptake.  The  trans  conformation  has  also  been 
demonstrated  to  be  the  preferred  conformation  for  the  amine  substrates 
themselves  (NE  [Carlstrom  and  Bergin,  1967],  DA  [Bergin  and  Carlstrom, 
1968]).  The  relative  lack  of  effect  of  configuration  is  understandable, 
at  least  in  the  cases  of  DA  and  5-HT,  since  neither  of  these  neurotrans¬ 
mitters  exists  in  isomeric  form  itself.  Finally,  (3)  in  general,  the 
postsynaptic  sites  for  DA,  NE,  and  5-HT  appear  to  be  much  more  strict  in 
terms  of  structural  deviations  than  are  the  uptake  sites.  Although  a 
wide  variety  of  compounds  with  diverse  molecular  structures,  including 
the  tricyclic  antidepressants,  some  of  the  newer  "second  and  third  gen¬ 
eration"  antidepressants,  and  TCP  isomers,  are  all  capable  of  inhibiting 
NE  and/or  5-HT  reuptake,  some  drugs,  such  as  nomifensine  and  benztro- 
pine,  are  relatively  specific  DA  reuptake  inhibitors.  Eckhardt  et  al. 
(1982)  has  demonstrated  that  there  is  a  difference  between  the  NE  uptake 
sites  in  the  hypothalamus  and  those  of  the  DA  uptake  sites  in  the  stria¬ 
tum.  Their  data,  obtained  by  studying  uptake  inhibition  by  a  variety  of 
substituted  substrate  molecules,  have  indicated  that  there  is  a  great 
similarity,  if  not  identity,  in  the  receptive  area  for  substrates  in 
striatum  (DA)  and  hypothalamus  (NE).  Although  the  substrates  and  inhi¬ 
bitors  bind  to  some  groups  in  common  in  the  substrate  receptive  area,  it 
is  the  surrounding  hydrophobic  molecular  environment  that  is  clearly 
different  and  permits  the  phenomenon  of  selective  blockage  with  some 
drugs. 

In  summary,  it  has  been  shown  that  although  both  (+)-  and  (-)-TCP 
have  the  capability  of  inhibiting  reuptake  of  biogenic  amines  into  neur¬ 
onal  prisms,  the  (-)-isomer  is  the  more  potent  of  the  two  in  both 
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respects  in  the  case  of  DA  and  5-HT.  The  concentrations  of  TCP  in  the 
brain  (approximately  5  x  10-^  M)  after  chronic  administration  of  a 
clinically  relevant  dose  (1  mg/kg)  are  capable  of  substantially  inhibit¬ 
ing  the  reuptake  of  NE,  DA,  and  5-HT  into  neurons.  The  amine  releasing 
abilities  of  TCP  are  not  apparent  at  these  concentrations  and  probably 
contribute  relatively  little  to  the  overall  pharmacological  effects  when 
compared  to  the  MAO-inhibiting  and  reuptake-inhibiting  properties  of  the 
drug.  However,  many  experiments  in  laboratory  animals  reported  in  the 
literature  utilize  doses  of  TCP  ranging  from  5  to  20  mg/kg.  At  the  con¬ 
centrations  attained  in  brain  after  these  doses  (brain  levels  of  TCP  in 
excess  of  10“^  M  were  reported  by  Calverley  e_t  al.  [1981]  1.5  h  after 
administration  of  20  mg/kg  of  TCP  HC1),  TCP  can  have  marked  effects  on 
uptake  and  release  of  the  catecholamines  and  5-HT  (as  shown  in  the  in 
vitro  experiments  reported  in  this  thesis),  and  these  actions  may  well 
contribute  to  the  overall  pharmacological  profile  of  the  drug  under 
these  circumstances.  Thus  it  appears  futile  to  debate  whether  it  is  the 
inhibition  of  amine  reuptake  or  the  MAO-inhibiting  properties  of  TCP 
that  are  responsible  for  its  therapeutic  efficacy  since  TCP  exhibits 
both  properties,  and  other  drugs  which  are  "pure"  MAOIs  or  "pure"  reup¬ 
take  inhibitors  are  known  to  be  effective  antidepressants. 

IV. C.  The  Detection  and  Characterization  of  Para-Hydroxytranylcypromine 
1 .  Detection  of  Para-Hydroxytranylcypromine 

Three  analytical  procedures  were  attempted  in  an  effort  to  quanti¬ 
tate  £-0H-TCP  in  brain: 

(1)  Acetylation  followed  by  pentaf luorobenzoylation  as  utilized  for 
analysis  of  TCP  (Hampson  et  al.,  1984a).  This  resulted  in  a  deri- 
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vative  of  j>-OH-TCP  with  poor  GC  peak  shape  and  low  sensitivity. 

(2)  Pentafluorobenzoylation  in  basic  aqueous  medium  (see  Section  II. F. 2 
In  Methods  for  further  details).  Although  a  suitable  derivative 
was  formed,  a  large  interfering  peak  was  present  in  brain  tissue 
extracts.  An  Interfering  peak  was  also  present  in  urine,  but  lev¬ 
els  of  j>-OH-TCP  were  considerably  higher  than  the  levels  of  this 
interfering  substance  and  therefore  control  (non-drug-treated) 
urines  were  run  in  parallel  and  the  small  peak  produced  by  the 
interfering  substance  was  subtracted  from  the  total  peak  height. 

(3)  The  method  described  by  Baker  et  al.  (1983)  was  utilized  for  analy¬ 
sis  of  £-tyramine  in  brain  (see  Section  II. F. 2(b)  in  Materials  and 
Methods  for  details).  This  involves  acetylation,  specific  hydroly¬ 
sis  of  acetylated  phenols,  and  reaction  with  trif luoroacetic  anhy¬ 
dride  to  produce  N-acetyl,N,0-di( trifluoroacetyl)-j>-OH-TCP.  Unfor¬ 
tunately,  the  peak  height  of  the  derivatized  jd-OH-TCP  in  brains 
from  rats  treated  with  1  mg/kg  TCP  was  not  significantly  greater 
than  that  of  the  baseline  noise  in  control  brains,  and  an  adequate 
quantitation  could  not  be  performed  in  the  drug-treated  animals. 
It  thus  appears  that  other  methods,  such  as  HPLC  with  electrochemi¬ 
cal  detection,  may  have  to  be  utilized  to  study  levels  of  j>-OH-TCP 
in  brains  of  rats  treated  with  a  low  dose  of  TCP.  However,  when 
brains  from  rats  treated  with  10  mg/kg  TCP  were  carried  through  the 
same  procedure,  a  sharp  peak  approximately  10  times  baseline  noise 
levels  and  co-chromatographing  (on  two  different  GC  columns)  with 
derivatized  £-0H-TCP  standard  was  observed.  This  peak  was  shown  by 
CI-SIM-GC-MS  to  be  derivatized  jv-OH-TCP. 

Further  supportive  evidence  for  the  presence  of  jv-OH-TCP  in  brain 
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was  provided  by  indirect,  pharmacological  experiments  in  which  TCP  lev¬ 
els  in  brain  were  observed  with  and  without  prior  pretreatment  with 
drugs  known  to  block  ring  hydroxylation.  All  the  drugs  tested  caused 
significant  increases  in  brain  concentrations  of  TCP,  indicating  that 
ring  hydroxylation  may  be  of  some  importance  in  the  metabolism  of  TCP. 
The  rather  strong  effect  of  several  antipsychotic  drugs  on  increasing 
brain  levels  of  TCP  is  of  interest,  since  such  drugs  are  sometimes  given 
in  conjunction  with  TCP  in  clinical  situations  (see  Section  I.C.7  of 
Introduction).  Antipsychotic  drugs  are  known  to  interfere  with  hydroxy¬ 
lation  of  tricyclic  antidepressants  when  these  drugs  are  co-admini- 
stered,  and  this  effect  is  thought  to  be  due  to  competition  for  the  hep¬ 
atic  cytochrome  P-450  system  that  metabolizes  both  compounds  (Siris  et 
al. ,  1982).  This  is  apparently  the  first  time  that  a  similar  interac¬ 
tion  with  TCP  has  been  reported. 

It  is  too  early  at  this  time  to  predict  if  the  p-OH-TCP  detected  in 
the  brain  is  formed  there  entirely  or  if  there  is  a  contribution  from 
the  liver  and/or  other  peripheral  sources.  A  study  by  Coutts  ^t  al. 
(1984)  on  j^-OH-AMP  strongly  suggests  that  the  amounts  of  this  compound 
present  in  rat  brain  after  intraperitoneal  injection  of  AMP  are  due  to 
formation  within  the  brain  rather  than  passage  into  the  brain  from  peri¬ 
pheral  sources. 

It  is  conceivable  that  the  j>-0H-TCP  present  in  brain  could  be  taken 
up  by  nerve  terminals,  since  Cho  et  al.  (1977)  demonstrated  that  £-0H- 
AMP  is  accumulated  by  synaptosome-enriched  preparations  prepared  from 
both  cortical  and  striatal  tissue. 

The  unequivocal  presence  of  jd-OH-TCP  in  urine  from  rats  dosed  with 
TCP  was  also  demonstrated  by  GC  and  SIM— MS.  The  fact  that  j>-0H-TCP  was 
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detected  in  urine  after  a  1  mg/kg  dose  of  TCP  indicates  that  p-OH-TCP 
may  have  some  clinical  relevance  since  this  dose  is  comparable  to  that 
used  in  a  therapeutic  situation.  In  addition,  the  biological  activity 
of  j>-OH-TCP,  which  has  also  been  demonstrated  (see  the  following  sec¬ 
tion)  ,  is  further  evidence  of  a  potential  role  for  this  metabolite  in 
the  overall  effectiveness  of  TCP  as  an  antidepressant.  It  should  also 
be  mentioned  that  only  free  £-OH-TCP  was  measured  in  the  urine,  since 
initial  attempts  at  acid  hydrolysis  apparently  resulted  in  degradation 
of  jv-OH-TCP.  Coutts  et  al.  (1976)  have  shown  that  the  majority  of  jp-OH- 
AMP  detected  in  rat  urine  is  present  in  the  conjugated  form.  Thus  it  is 
quite  possible  that  the  free  urinary  jp-OH-TCP  detected  in  the  present 
study  represents  only  a  fraction  of  the  total  metabolite  formed.  Fur¬ 
ther  studies  utilizing  milder  procedures  to  free  conjugated  jp-OH-TCP 
thus  appear  to  be  warranted. 

The  reduction  of  £-OH-TCP  levels  in  the  urine  to  below  the  limits 
of  detectability  in  iprindole-pretreated  rats  is  further  proof  that 
iprindole  inhibits  para-hydroxylation .  Freeman  and  Sulser  (1972)  also 
reported  that  _p-OH-AMP  was  "reduced  to  negligible  amounts”  in  the  urine 
of  iprindole-pretreated  rats  dosed  with  AMP. 

In  a  previous  report,  Alieva  (1965)  studied  the  metabolism  of  C^4- 
TCP  and  C14-AMP  in  the  rat.  Urine,  feces,  and  expired  CO2  were  examined 
for  radioactivity,  and  it  was  determined  that  the  24-hr  urine  collection 
contained  about  75-80%  of  the  total  injected  radioactivity  for  both 
drugs.  Approximately  10%  of  the  total  radioactivity  was  recovered  in 
the  feces  and  only  traces  of  C14-C02  were  recovered  in  expired  air  of 
c14_TCP-treated  rats.  Of  the  6  C14  peaks  found  in  paper  chromatograms 
of  urine  samples  from  C14-TCP-treated  rats,  only  3  were  identified:  C14- 


152 


hippuric  acid,  the  major  metabolite,  which  accounts  for  80Z  of  the  total 
urine  radioactivity;  unchanged  TCP,  which  accounts  for  6Z  of  the  total 
urine  radioactivity;  and  benzoic  acid  (4Z  of  urine  radioactivity).  None 
of  the  other  peaks  could  be  identified,  although  it  was  confirmed  that 
none  was  AMP,  since  all  metabolites  had  Rf  values  which  differed  from 
that  of  AMP.  It  Is  possible  that  one  of  these  peaks  may  have  been  j>-OH- 
TCP,  or  N-acetyl-TCP,  another  known  metabolite  of  TCP  (Calverley  jet  al. , 
1981),  although  no  mention  was  made  of  these  metabolites  in  this  re¬ 
port.  Their  inability  to  detect  AMP  as  a  TCP  metabolite  in  urine  was 
confirmed  in  the  present  study.  All  attempts  to  detect  AMP  as  a  TCP 
metabolite  in  rat  brain  were  unsuccessful. 

Youdim  ejt  al.  (1979)  have  published  one  of  the  few,  if  not  the 
only,  report  on  the  detection  of  AMP  as  a  TCP  metabolite  using  a  GC-MS 
procedure.  They  also  claim  to  have  detected  methamphetamine  as  a  meta¬ 
bolite  of  TCP,  although  they  admit  that  there  was  an  interfering  sub¬ 
stance  which  comigrated  with  this  peak.  Also,  it  must  be  kept  in  mind 
that  this  report  was  the  result  of  a  study  on  a  single  patient  who  had 
overdosed  on  250  mg  of  TCP,  and  therefore  this  case  is  not  germane  to 
the  present  study  or  to  a  therapeutic  situation. 

Since  the  present  study  has  demonstrated  the  presence  of  j>-OH-TCP, 
it  may  be  hypothesized  that  this  metabolite  could  be  further  hydroxy- 
lated  to  form  3 , 4-dihydroxy tranylcypromine .  Hoffman  at  al.  (1979)  have 
described  the  formation  of  a  catechol  metabolite  of  AMP,  a  -methyldopa- 
mine,  by  rat  brain  microsomes.  The  enzyme  involved  in  the  hydroxyla- 
tion  of  jj-OH-AMP  was  described  as  a  cytochrome  P-450-dependent  mono¬ 
oxygenase.  However,  since  the  Km  of  the  catechol-forming  enzyme  pro¬ 
bably  exceeds  the  concentration  of  £-0H-AMP,  it  is  unlikely  that  sub- 
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stantial  amounts  of  a  — methyldopamine  are  normally  synthesized.  In  the 
case  of  TCP,  however,  where  chronic  treatment  and  accumulation  in  the 
brain  has  been  demonstrated,  it  is  possible  that  some  proportion  of 
j>-OH-TCP  is  further  metabolized  to  3, 4-dihyroxy tranylcypromine .  The 
structure  of  this  metabolite  is  similar  to  the  endogenous  catecholamines 
and  therefore  it  may  display  some  degree  of  activity  at  postsynaptic 
catecholamine  receptors. 

The  possibility  of  the  catechol  metabolite  being  methylated  by 
cat echo 1-0 -methyl  transferase  (COMT)  to  form  4-0H-3-methoxy-TCP  also 
exists.  Coutts  et^  al.  (1976)  have  described  both  j>-0H-AMP  and  4-OH-3- 
methoxy-AMP  as  _in  vivo  metabolites  of  AMP  in  the  rat.  They  reported 
that  these  urinary  metabolites  accounted  for  18.3%  and  3.3%  respectively 
of  the  administered  dose. 

2 .  Characterization  of  the  Biological  Activity  of  Para-Hydroxytranyl- 

cypromine 

The  biological  activity  of  jd-OH-TCP  was  tested  in  three  ways:  for 
inhibition  of  MAO  (in  vitro) ,  ability  to  inhibit  the  reuptake  of  tri- 
tiated  neurotransmitters  into  neuronal  prisms,  and  the  capacity  to 
release  tritiated  neurotransmitters  from  neuronal  prisms. 

Para-hydroxy tranylcypromine  was  a  potent  inhibitor  of  both  MAO-A 
and  MAO-B.  In  fact,  jv-OH-TCP  was  essentially  equipotent  to  TCP  itself 
in  inhibiting  both  forms  of  the  enzyme.  Para- hydroxy tranylcypromine  was 
also  approximately  equipotent  to  TCP  in  inhibiting  the  reuptake  of  ^H-DA 
and  ^H-NE  and  in  causing  release  of  these  tritiated  catecholamines  in 
striatal  and  hypothalamic  tissue  respectively.  Surprisingly,  the 
hydroxylated  compound  was  considerably  more  potent  than  TCP  in  inhibit- 
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ing  the  reuptake  of  3H-5-HT  and  in  promoting  the  release  of  %-5-HT  from 
striatal  tissue.  Thus,  p— OH— TCP  appears  to  retain  the  full  activity  of 
the  parent  drug,  except  for  its  effects  on  %-5-HT  (inhibition  of  reup¬ 
take  and  releasing  ability),  in  which  it  is  actually  more  potent  than 
TCP  itself. 

Although  p-OH-TCP  has  as  great,  or  greater,  potency  than  the  parent 
drug  with  regard  to  the  above  actions,  a  number  of  differences  may  be 
important  with  regard  to  para- hydroxyl at ion.  Again,  the  use  of  AMP  for 
comparative  purposes  may  be  advantageous,  since  more  research  in  this 
area  has  been  conducted  on  AMP  than  on  TCP.  Taylor  and  Sulser  (1973) 
have  studied  the  effects  of  AMP  and  p-OH-AMP  on  central  noradrenergic 
systems.  They  found  that  when  these  amines  were  administered  intraven- 
tricularly,  p-OH-AMP  had  a  half-life  of  2. 5-5. 2  times  as  long  as  AMP 
(half-life,  15  min).  Also  AMP  administration  resulted  in  predominantly 
stereotyped  behavior  while  p-OH-AMP  caused  predominantly  locomotor  stim¬ 
ulation.  Although  both  AMP  and  p-OH-AMP  blocked  the  reuptake  of  ^H-NE, 
only  p-OH-AMP  significantly  reduced  -%-NE  levels  and  increased  the  lev¬ 
els  of  the  O-methylated  metabolite,  normetanephrine .  They  concluded 
that  p-OH-AMP  had  stronger  releasing  properties  than  AMP,  and  that  both 
this  effect  and  the  differential  behavioral  responses  may  be  attributed 
to  the  much  longer  half-life  of  the  metabolite. 

Another  important  factor  that  is  germane  to  this  discussion  is  the 
effect  of  para- hydroxylat ion  on  the  uptake  of  the  drug  itself.  In  a 
study  by  Lentzen  and  Philippu  (1981)  on  the  uptake  dynamics  of  NE,  DA, 
p-TA,  AMP,  octopamine,  and  PEA,  it  was  also  observed  that  para-hydroxy- 
lation  enhanced  uptake.  They  concluded  that  the  hydroxylated  compounds 
were  accumulated  into  vesicles  by  an  ATP-Mg2+-dependent  process,  while 
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non-hydroxylated  PEA  analogs  (PEA,  AMP)  were  taken  up  by  ATP-Mg2+- 
independent  process,  i.e.  diffusion. 

In  summary,  the  results  obtained  in  the  present  study  have  shown 
that  jj-OH-TCP  is  an  active  metabolite  of  TCP.  Its  ability  to  inhibit 
the  reuptake  of  %-5-HT  and  release  %-5-HT  from  striatal  tissue  exceeds 
that  of  TCP  itself.  It  is  also  apparent  from  the  results  of  other  stud¬ 
ies  that  j>-OH-TCP  may  be  transported  across  neuronal  membranes  and  taken 
up  into  vesicles  in  a  manner  that  is  quite  different  from  TCP. 

1 •  Detection  of  6-Hydroxytetrahydro-fl-Carboline 

Initial  attempts  to  replicate  the  work  of  Barker  et  al.  (1981),  who 
reported  500  ng/g  of  THBC  and  1114  ng/g  of  6-methoxy-THBC  in  adrenal 
gland  of  control  rats,  were  unsuccessful.  Attempts  to  detect  these  com¬ 
pounds  plus  6-OH-THBC  in  brain  were  also  unsuccessful.  Although  in  the 
present  study,  GC  with  glass  capillary  columns  and  electron-capture 
detection  was  utilized  rather  than  MS  as  used  by  Barker  et^  al.  (1981), 
it  was  felt  that  the  problems  encountered  in  detection  were  not  due  to  a 
lack  of  sensitivity  with  GC,  but  to  technical  difficulties  in  the  method 
(e.g.  loss  of  sample  due  to  extensive  work-up  procedures).  It  was 
therefore  decided  that  development  of  a  better  method  would  be  advan¬ 
tageous.  It  was  also  felt  that  work  should  be  concentrated  on  the 
detection  of  6-OH-THBC  since  this  was  the  THBC  most  likely  to  be  present 
in  the  highest  quantity  and  because  its  detection  in  the  rat  has  never 
been  reported. 

The  double-derivatization  procedure  developed  entailed  a  phase- 
transfer  reaction  with  PFBZ  to  extract  6-OH-THBC  from  aqueous  media 
(urine)  followed  by  reaction  with  PFPA.  The  second  derivatization  was 
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necessary  because  reaction  of  6-OH-THBC  with  PFBZ  alone  consistently 
produced  a  derivative  of  low  volatility,  poor  peak  shape,  and  low  sensi¬ 
tivity.  It  was  assumed  that  reaction  of  6-OH-THBC  with  PFBZ  resulted  in 
an  0— PFBZ,  N— 2-PFBZ  derivative.  This  assumption  was  based  on  the  obser¬ 
vation  that  THBC  reacted  with  PFBZ  to  form  the  N— 2— PFBZ  derivative  (as 
confirmed  by  MS).  The  N-2-PFBZ  moiety  of  the  0-PFBZ,  N-2-PFBZ-6-OH-THBC 
derivative  was  apparently  replaced  by  a  PFP  group  after  reaction  with 
PFPA  to  form  the  derivative  whose  structure  was  confirmed  by  MS  (Figure 
27).  Although  the  molecular  weight  did  not  differ  substantially  from 
the  PFBZ  derivative,  the  replacement  of  one  pentaf luorobenzoyl  group 
with  a  pentaf luoropropionyl  group  apparently  changed  the  volatility 
enough  to  produce  a  derivative  which  chromatographed  adequately. 

Utilizing  the  method  developed  (Section  II. F. 3),  6-OH-THBC  was 
detected  in  the  urine  of  rats  treated  with  TCP  and  5-hydroxy tryptophan. 
A  portion  of  6-OH-THBC  appeared  to  be  conjugated  since  in  urine  samples 
which  were  not  treated  with  glusalase,  levels  of  6-OH-THBC  were  reduced 
compared  to  glusalase-treated  urines,  in  some  cases  to  levels  below  the 
limit  of  detection  of  the  assay  (approximately  100  ng/ml).  6-Hydroxy- 
tetrahydro-3-carboline  could  not  be  detected  in  glusalase-treated  urines 
from  control  rats.  These  results  are  in  agreement  with  those  of  Rommel- 
spacher  at  al.  (1979)  who  reported  the  detection  of  6-OH-THBC  in  human 
urine  after  a  300  mg  dose  of  5-hydroxy tryptophan.  These  workers  were 
also  unable  to  detect  6-OH-THBC  in  the  urine  of  control  subjects.  In 
addition,  they  reported  that  6-OH-THBC  was  conjugated  with  glucuronic 
acid  in  humans.  Beck  and  Lundman  (1983)  reported  the  detection  of  6-0H- 
1-methyl-THBC  in  urine  from  untreated  rats  and  that  90%  of  the  compound 
appeared  in  conjugated  form.  They  also  detected  this  THBC  in  liver. 
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6-OH-l-methyl-tetrahydro-B-carboline  is  the  condensation  product  of  5-HT 
with  the  ethanol  metabolite  acetylaldehyde .  None  of  these  studies, 
including  the  present  study,  was  able  to  detect  THBCs  in  rat  brain  tis¬ 
sue.  In  the  study  of  Rommel spacher  ^t  al,  (1979),  a  possible  explana¬ 
tion  for  the  failure  to  detect  6-OH-THBC  in  brain  would  be  substantial 
sample  loss  during  the  extensive  workup  and  purification  procedures,  but 
this  does  not  explain  similar  results  in  the  present  study,  since  this 
procedure  entailed  relatively  little  sample  manipulation. 

Although  sensitivity  with  the  method  developed  in  this  study  was 
good,  reproducibility  and  linearity  were  not.  Other  derivatizing  agents 
(e.g.  heptaf luorobutyric  anhydride  and  heptaf luorobutyrylimidazole )  were 
tried,  but  similar  problems  were  encountered  with  these  agents.  Numer¬ 
ous  attempts  to  determine  the  cause  of  these  problems  were  not  success¬ 
ful.  Therefore,  it  was  felt  that  quantitation  of  6-OH-THBC  with  this 
method  could  not  be  carried  out.  Subsequently,  an  attempt  was  made  to 
develop  a  method  for  analysis  of  6-OH-THBC  using  HPLC  with  fluorescence 
detection.  Several  THBCs,  including  6-OH-THBC,  and  several  of  their 
oxidized  analogs  ( 8-carbolines)  were  chromatographed  on  a  Waters  HPLC 
equipped  with  a  C^g-reverse  phase  column  and  a  fluorescence  detector 
(excitation,  264  nm;  emission,  390  nm) .  Although  the  fully  oxidized 
B-carbolines  were  very  sensitive  to  fluorescence  detection,  their 
reduced  congeners  (THBCs)  proved  to  be  much  less  sensitive.  Therefore, 
it  was  decided  that  this  method  of  analysis  would  not  be  suitable  for 
use  in  the  present  study  due  to  the  low  sensitivity  of  THBCs  to 
fluorescence  detection. 

Despite  the  problems  involved  in  quantitation,  the  results  of  urine 
analysis  by  SIM-MS  (Figure  28)  reveal  that  6-OH-THBC  is  found  in  rat 
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urine  after  dosing  with  TCP  and  5-hydroxytryptophan .  This  implies  that 
the  rat  may  indeed  be  a  suitable  animal  model  for  further  studies  on 
THBC  and  B —carboline  formation  in  vivo .  Rommelspacher  et  al.  (1979) 
have  demonstrated  that  6— OH-THBC  does  possess  biological  activity, 
including  induction  of  hypothermia,  catalepsy  and  nociception.  In  the 
experiments  of  these  workers,  6-OH-THBC  was  injected  intracisternally 
because  it  was  also  demonstrated  that  this  compound  did  not  cross  the 
blood-brain  barrier.  Despite  this  observation  and  the  failure  to  detect 
6-OH-THBC  in  brain  tissue  in  this  study  and  the  present  study,  it  is 
conceivable  that  6-OH-THBC  is  formed  in  small  amounts  in  the  brain 
(i.e.  its  levels  are  below  the  limit  of  detection).  It  would  be  advis¬ 
able  in  future  studies  to  concentrate  on  brain  substructures  which  con¬ 
tain  higher  levels  of  5-HT,  for  example,  the  hypothalamus  and  the  raphe 
nuclei,  to  increase  the  probability  of  detection  of  6-OH-THBC.  Another 
possible  explanation  for  the  inability  to  detect  6-OH-THBC  in  the  CNS 
may  be  due  to  its  oxidation  to  6-OH-B-carboline .  The  oxidation  of  THBCs 
to  their  corresponding  B-carbolines  has  been  reported  (Greiner  and 
Rommelspacher,  1982).  If  this  were  the  case,  the  N-2  atom  would  become 
a  tertiary  N  and  would  therefore  not  react  readily  with  most  derivatiz- 
ing  reagents  including  PFBZ  or  PFPA.  As  alluded  to  above,  the  g— carbo- 
lines  formed  from  THBCs  by  oxidation  at  N-2  position  may  be  more  amen¬ 
able  to  analysis  by  HPLC  with  fluorescence  detection. 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 


Based  upon  the  findings  of  this  study,  the  following  general  con¬ 
clusions  can  be  made: 

(1)  A  single  1  mg/kg  dose  of  TCP  is  sufficient  to  cause  approximately 
87%  inhibition  of  MAO-A  and  MAO— B  in  the  rat  CNS.  This  level  of  enzyme 
inhibition  is  responsible  for  the  immediate  elevation  of  brain  5-HT,  DA, 
PEA,  and  T.  Urinary  excretion  of  5-HT,  T,  PEA,  and  3-MT  (a  metabolite 
of  DA)  also  increased  immediately. 

(2)  Peak  levels  of  T,  PEA,  and  DA  appear  to  be  reached  after  the  first 
few  days  of  dosing,  and  these  levels  are  maintained  for  up  to  6  weeks  of 
drug  administration.  Brain  5-HT  concentrations  increase  steadily  up  to 
21  days,  after  which  a  plateau  is  reached.  Levels  of  TCP  followed  a 
similar  pattern.  Brain  5-HT  levels  correlated  highly  with  the  brain  TCP 
concentrations.  Both  of  these  parameters  coincided  temporally  with  the 
typical  time  required  for  the  onset  of  therapeutic  effect  in  clinical 
situations. 

Although  other  antidepressant  drugs  may  show  different  effects  on 
biogenic  amine  levels  after  chronic  treatment,  it  is  apparent  from  this 
study  that  highly  elevated  amine  levels  are  maintained  in  the  CNS  during 
chronic  TCP  administration.  It  is  likely  that  other  nonspecific  MAOIs 
produce  similar  effects.  It  is  also  probable  that  these  long-term  ele¬ 
vations  in  CNS  amine  concentrations  may  be  responsible  for  the  down- 
regulation  of  postsynaptic  5-HT  receptors  and  adrenoceptors  that  is 
associated  with  most  (if  not  all)  antidepressant  treatments.  More 
research  on  this  aspect  of  TCP  and  other  MAOIs  would  be  advantageous 
since  both  pre-  and  post-synaptic  receptors  function  together  in  a 
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holistic  manner. 

(3)  The  optical  isomers  of  TCP  produce  different  neurochemical  effects 
in  the  CNS.  The  (+)-isomer  is  a  much  more  potent  inhibitor  of  both 
forms  of  MAO,  while  the  (— )-isomer  is  a  more  potent  inhibitor  of  amine 
(DA,  NE,  5-HT)  reuptake  and  a  stronger  releaser  of  DA  and  5-HT  than  is 
the  (+)-isomer. 

The  potent  and  multifaceted  neurochemical  properties  of  TCP  are 
most  likely  responsible  for  the  high  response  rate  and  rapid  onset  of 
action  seen  with  this  drug.  Some  properties  may  actually  be  synergis¬ 
tic,  e.g.  amine-releasing  and  reuptake-inhibiting  properties. 

(4)  Acetylation  under  aqueous  conditions  followed  by  pentaf luorobenzoy- 
lation  under  anhydrous  conditions  and  quantitation  by  electron-capture 
gas  chromatography  with  high-resolution  capillary  columns  has  proven  to 
be  a  rapid,  sensitive  procedure  for  routine  analysis  of  both  TCP  and  PEA 
in  brain  tissue  and  urine.  This  method  also  has  potential  for  analysis 
of  other  bioactive  amines  (e.g.  amphetamine)  in  tissues  and  body  fluids. 

(5)  Tranylcypromine  is  metabolized  to  jd-OH-TCP  in  the  rat.  This 
hydroxylated  metabolite  has  been  identified  in  rat  brain  and  urine.  The 
detection  and  quantitative  analysis  of  j>-OH-TCP  in  urines  from  patients 
treated  with  TCP  would  substantiate  the  clinical  relevance  of  this  meta¬ 
bolite  • 

(6)  Tests  for  biological  activity  of  j>-OH-TCP  have  revealed  it  to  be  an 
active  compound.  Its  potency  in  inhibiting  both  forms  of  MAO  is  equiva¬ 
lent  to  that  of  TCP  itself.  This  metabolite  is  also  equipotent  to  TCP 
in  inhibiting  the  reuptake  and  in  promoting  the  release  of  catechol¬ 
amines  from  striatal  and  hypothalamic  tissue.  Para- hydroxy tranylcypro- 
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release  and  inhibiting  the  reuptake  of  5— HT  from  neurons.  Based  on 
these  observations,  the  possibility  exists  that  a  changing  neurochemical 
profile  may  occur  during  chronic  TCP  administration,  depending  on  the 
relative  amounts  of  TCP/p-OH-TCP.  Additional  studies  which  attempt  to 
determine  the  relative  importance  of  TCP/j^-OH-TCP,  especially  after 
long-term  drug  administration,  are  certainly  warranted.  The  determina¬ 
tion  of  the  extent  to  which  para- hydroxylat  ion  occurs  in  the  brain 
itself  would  also  be  valuable.  Finally,  the  extent  of  conjugation  of 
j>-OH-TCP  would  provide  additional  useful  information  on  the  biodegrada¬ 
tion  of  TCP. 

(7)  Amphetamine  does  not  appear  to  be  a  metabolite  of  TCP  in  the  rat 
CNS,  at  least  at  a  1  mg/kg  dose.  In  an  overdose  situation,  the  forma¬ 
tion  of  AMP  from  TCP  may  contribute  to  the  central  stimulation  seen  with 
TCP  at  extremely  high  doses. 

(8)  The  formation  of  the  condensation  product  of  5-HT  with  formalde¬ 
hyde,  6-OH-THBC,  has  been  demonstrated  in  the  rat  after  dosing  with  TCP 
and  5-hydroxytryptophan.  The  demonstration  of  6-OH-THBC  _in  vivo  pro¬ 
vides  grounds  for  postulating  the  existence  of  other  compounds  of  a  sim¬ 
ilar  nature.  The  rat  appears  to  be  a  suitable  animal  model  for  use  in 
such  studies.  The  existence  of  other  &-carbolines  has  been  demonstrated 
by  others  under  different  conditions,  i.e.  different  drug  treatments. 
The  effects  of  the  diet  (e.g.  alcohol  or  foods  with  a  high  tryptophan 
content)  on  the  formation  of  these  compounds  would  also  provide  useful 
information.  Further  characterization  of  the  neurochemical  properties 
of  8-carbolines  and  THBC  congeners  may  give  insights  into  the  _in  vivo 
function  of  these  compounds.  The  possibility  of  a  p-carboline-related 
compound  functioning  as  an  endogenous  ligand  or  modulator  of  the  BZD 
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receptor  also  warrants  further  investigation. 

(9)  The  analytical  problems  involved  with  the  analysis  of  6-OH-THBC  and 
related  3-carboline  congeners  were  formidable.  The  large  molecular  size 
and  weight,  insolubility,  and  amphoteric  nature  were  detrimental  to  the 
quantitative  analysis  of  this  compound.  The  problems  associated  with 
the  high  molecular  weight  of  6-OH-THBC  extended  to  its  volatility  in  GC 
analysis.  The  problems  of  both  volatility  and  sensitivity  preclude  the 
use  of  other  GC  detectors  such  as  flame-ionization  detectors  which  do 
not  require  the  use  of  ECD-sensitive  derivatives.  Other  analytical 
methods  such  as  radioimmunoassay  or  HPLC  with  electrochemical  detection 
(for  use  with  THBCs  and  phenolic  3-carbolines)  or  fluorescence  detection 
(for  ft-carbolines)  may  be  more  conducive  to  accurate  and  reproducible 
quantitation  of  this  class  of  compounds. 
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APPENDIX  I 


One-way  analyses  of  variance  were  employed  to  examine  the  differ¬ 
ences  between  groups  of  samples  in  each  experiment  (e.g.  5-HT  levels  in 
control,  day  1,  day  10,  day  21,  and  day  42  of  TCP  treatment).  In  the 
event  of  significant  analyses  of  variance,  pairwise  comparisons  between 
the  groups  in  these  experiments  were  computed  using  a  t-test  for  inde¬ 
pendent  means.  It  was  also  of  interest  to  examine  the  relationship 
between  two  variables  (e.g.  5-HT  levels  and  TCP  levels  in  the  brain 
after  acute  and  chronic  administration  of  TCP).  This  was  accomplished 
by  computation  of  the  Pearson  product  moment  correlation  coefficients 
which  were  tested  for  statistical  significance.  For  all  statistical 
procedures,  two-tailed  probability  distributions  were  employed,  and  the 
general  convention  of  p  <  0.05  was  utilized  for  establishment  of  statis¬ 
tical  significance. 
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APPENDIX  II 


Composition  of : 


Incubation  Mixture  (reuptake  and  release  experiments) 


Concentration  of 
Stock  Solution 


Volume  in  Final  Concentration 

Final  Mixture  in  Incubation  Mixture 


154  mM  NaCl  798.8 
154  mM  KC1  32.4 
154  mM  CaCl2  17.6 
154  mM  MgSC>4  7.8 
400  mM  Tris  50.0 


ml 

123  mM 

ml 

5.0  mM 

ml 

2.7  mM 

ml 

1.2  mM 

ml 

20  mM 

Add  to  the  above  176  mg  ascorbic  acid,  1.8  g  glucose,  and  4.24  mg 
of  nialamide.  Adjust  pH  to  7.4  with  5  M  HC1  and  make  up  to  1000  ml 
with  distilled  water. 


Scintillation  Fluid 

677  ml  toluene 
333  ml  Triton  X-100 

4  g  2- (4  t-tert~butylphenyl)-5- (4 "-biphenyl)-! , 3 , 4-oxadiazole 


Phosphate  Buffer 

Prepare  a  solution  of  Na2HP04 •  7  H20  (89.3  g/liter  of  distilled 

water)  and  adjust  pH  to  7.4  with  NaH2P04* H20  solution  (69  g/liter 
of  distilled  H20). 


Isotonic  KC1 


1.18  g  KC1/100  ml  distilled  H20 


' 
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